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Left: Three-dimensional sketch of transient secondary motion during positive surge propagation in 
a prismatic compound channel (d1/D < 1) 
Right: Ensemble-averaged median free-surface elevation and fluctuation at several transverse 
locations during positive surge propagation in a prismatic compound channel (d1/D < 1) 
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ABSTRACT 
In an open channel, a positive surge is the unsteady open channel flow motion characterised by a 
sudden rise in water elevation. Applications may include rejection surges in hydro-power canals 
and surges induced by rapid gate operation. While the literature is focused on positive surge 
propagation in rectangular channels, the present study investigated the upstream propagation of 
positive surges in a prismatic non-rectangular asymmetrical channel. Detailed experiments were 
performed in a 19 m long 0.7 m wide flume, equipped with a 1V:5H transverse bed slope. Unsteady 
measurements were conducted using acoustic displacement meters, ADV Profiler and ADV 
velocimeter. A key feature was the three-dimensional unsteady flow motion. This yielded some 
complicated transient secondary motion and enhanced transverse mixing compared to positive 
surge propagation in rectangular channels. While the secondary motion was not unlike secondary 
motion in steady flows in prismatic compound channels, the present results emphasised the 
transient nature and extreme intensity of the secondary motion in positive surges. 
 
Keywords: Positive surges, Trapezoidal channel, Asymmetrical cross-section, Unsteady turbulence, 
Physical modelling, Turbulent Reynolds stresses, Secondary currents, Rejection surges, Tidal bores. 
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LIST OF SYMBOLS 
The following symbols are used in this report: 
A channel cross-section area (m2); 
A1 initial channel cross-section area (m2) immediately prior to the positive surge passage; 
A2 channel cross-section area (m2) immediately after to the positive surge passage; 
aw amplitude (m) of first free-surface undulation; 
B 1- characteristic free-surface width (m) defined by Equation (1-2); 
 2- free-surface width (m) in steady flow; 
B' characteristic free-surface width (m) defined by Equation (1-3); 
B1 initial free-surface width (m) immediately prior to the positive surge passage; 
B2 initial free-surface width (m) immediately after the positive surge passage; 
D bed elevation difference (m) between left and right sidewall 
D1 water elevation difference (m): D1 = D - d1; 
D2 water elevation difference (m): D2 = d2 - D; 
D bed elevation difference (m) between left and right sidewall 
DH hydraulic diameter (m) , or equivalent pipe diameter: DH = 4A/Pw; 
d water depth (m); 
d1 initial water depth (m) immediately prior to the positive surge passage; 
d2 conjugate water depth (m) immediately after the positive surge passage; 
d75-25 instantaneous water depth fluctuation (m), defined as the difference between third and 
first quartile: d75-25 = d75 - d25; 
d50 instantaneous ensemble-median water depth (m); 
Ffric friction force (N); 
Fr Froude number; 
Fr1 positive surge Froude number defined as: 
 
1
1
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B
Ag
UVFr

  
f Darcy-Weisbach friction factor; 
g gravity acceleration (m/s2); 
h Tainter gate opening (m) after closure; 
ks equivalent sand roughness height (m) of channel bed; 
Lw wave length (m) of first free-surface undulation; 
Mo Morton number defined as: 
 
4
3
gMo    
P pressure (Pa); 
Pw wetted perimeter (m); 
Q water discharge (m3/s); 
 vi 
Re Reynolds number for a steady channel flow: Re = VDH/; 
Re1 positive surge Reynolds number: Re = (U+V1)(A1/B1)/; 
So bed slope: So = sin; in the present study: So = 0.002216; 
t time (s); 
U positive surge celerity (m/s) for an observer standing on the bank, positive upstream; 
V flow velocity (m/s) positive downstream; 
V1 initial cross-sectional averaged flow velocity (m/s) immediately prior to the positive 
surge passage; 
V75-25 instantaneous velocity fluctuation (m/s), defined as the difference between third and 
first quartile: d75-25 = d75 - d25; 
V50 instantaneous ensemble-median velocity (m/s); 
Vi,50 instantaneous ensemble-median velocity component i (m/s), with i = x, y, or z; 
Vmean bulk velocity (m/s), also cross-sectional averaged velocity, defined as: Vmean = Q/A; 
Vx instantaneous longitudinal velocity component (m/s) positive downstream; 
Vy instantaneous transverse velocity component (m/s) positive towards the left sidewall; 
Vz instantaneous vertical velocity component (m/s) positive upwards; 
V instantaneous ensemble-averaged velocity (m/s) 
v instantaneous velocity fluctuation (m/s) : v = V - V ; 
+vx instantaneous fluctuation (m/s) of Vx; 
vy instantaneous fluctuation (m/s) of Vy; 
vz instantaneous fluctuation (m/s) of Vz; 
W full width (m) of flume: i.e., W = 0.7 m herein; 
Wf weight force (N); 
x longitudinal distance (m) positive downstream; 
y transverse distance (m) positive measured from the right sidewall and positive towards 
the left sidewall; 
z vertical distance (m) positive upwards, measured from the lowest bed location (i.e. at 
right sidewall); 
zo local bed elevation (m), measured from the lowest bed location (i.e. at right sidewall); 
 
A cross-section area difference (m2): A = A2 - A1; 
d conjugate water depth difference (m): d = d2 - d1; 
t time lag (s) between maximum free-surface fluctuations and surge front arrival; 
 Boussinesq velocity correction coefficient; 
 effective viscosity (Pa.s); 
 angle between longitudinal channel bed and horizontal, positive for a downward bed 
slope 
 water density (kg/m3); 
 surface tension (N/m); 
 vii 
 shear stress (Pa); 
ij Reynolds shear stress (Pa): ij = vivj where i,j = x, y or z; 
o boundary shear stress (Pa); 
Ø diameter (m); 
 
Subscript 
i i = x, y, or z; 
j j = x, y, or z; 
x longitudinal direction positive downstream; 
y transverse direction positive towards left sidewall; 
z vertical direction positive upwards; 
1 initial flow property immediately prior to the positive surge passage; 
2 conjugate flow property immediately after to the positive surge passage; 
25 first quartile; 
50 median, or second quartile; 
75 third quartile 
75-25 difference between the third and first quartile; 
 
Abbreviations 
ADM acoustic displacement meter; 
ADV acoustic Doppler velocimeter; 
CFD computational fluid dynamics; 
fps frames per second; 
PVC plastic polyvinyl chloride; 
p pixels 
s second; 
3D three-dimensional. 
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1. INTRODUCTION 
1.1 PRESENTATION 
A positive surge is an unsteady rapidly-varied open channel flow motion, characterised by a rapid 
increase in water depth (HENDERSON 1966). It is also called compression wave or hydraulic jump 
in translation. Positive surges constitute hydrodynamic shocks, linked to a discontinuity in terms of 
the pressure and velocity fields (STOKER 1957, LIGHTHILL 1978). The shock propagation is 
associated with intense unsteady turbulence (HORNUNG et al. 1995, LENG and CHANSON 
2016). Engineering applications encompass rejection surges in hydropower canals, load acceptance 
surges in tailwater canals, and surges in water supply channels following rapid gate operation 
(PONSY and CARBONNELL 1966, CUNGE 1975, CHANSON 2004). Figure 1-1 presents the 
Oraison hydropower canal in southern France, which experienced operational issues with positive 
surges (1). Environmental applications of positive surges include tidal bores in estuaries and in-river 
tsunami bores (YASUDA 2010, CHANSON 2011, TANAKA et al. 2011) (Fig. 1-2). The surge 
propagation is associated with intense mixing, and sediment upwelling and suspension, as observed 
in tidal bore affected estuaries (CHANSON et al. 2011, KEEVIL et al. 2015, FURGEROT et al. 
2016). 
 
 
Fig. 1-1 - Oraison hydropower canal near Manosque (France) in December 1994 - Bottom width: 
8.6 m, 1V:2H sideslopes, So  710-5 - The trapezoidal canal has been affected by rejection and 
load acceptance surges 
                                                 
1 Extensive field, laboratory and numerical investigations were conducted in the 1960s (CUNGE 1966, 
PONSY and CARBONNELL 1966, PREISSMAN and CUNGE 1967, BENET and CUNGE 1971). 
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Fig. 1-2 - Tidal bore of the Garonne River (France) on 10 September 2010 - Top: advancing tidal 
bore in the Arcins channel; Bottom: surveyed channel cross-section 
 
The development of a positive surge, its inception and its propagation may be predicted analytically 
and numerically using the Saint-Venant equations (BARRÉ de SAINT-VENANT 1871a,b, 
JAEGER 1956, HENDERSON 1966). After formation, the flow properties upstream and 
downstream of the surge front must fulfil the equations of conservation of mass and momentum in 
their respective integral form (CUNGE et al. 1980, LIGHTHILL 1978). For a smooth horizontal 
channel, the combination of continuity and momentum principles yields a dimensionless 
relationship between the ratio of conjugate cross-sections A2/A1 and the surge Froude number Fr1 
(CHANSON 2012): 
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where A1 is the initial cross-section area, A2 is the new cross-section area immediately behind the 
surge front, B1 is the initial free-surface width, Fr1 is the surge Froude number Fr1 = 
1 1 1(V U) / g A / B  , and B' and B are characteristic widths defined respectively as: 
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with d1 and d2 the initial and new water depths. For a rectangular channel, Equation (1-1) simplifies 
itself into the classical Bélanger equation: 
  22 1
1
d 1 1 8 Fr 1d 2      (1-4) 
which is only valid for rectangular horizontal frictionless channels (CHANSON 2004). 
 
1.2 STRUCTURE OF THE REPORT 
Most detailed laboratory investigations of positive surges were conducted in rectangular channels 
(e.g. FAVRE 1935, HORNUNG et al. 1995, KOCH and CHANSON 2008, CHANSON 2010), 
except for the free-surface measurements of SANDOVER and TAYLOR (1962), BENET and 
CUNGE (1971) and TRESKE (1994) in symmetrical trapezoidal channels. Herein both free-surface 
and velocity measurement experiments were performed in a large-size flume with a non-rectangular 
asymmetrical cross-section. The present investigation focused on the unsteady turbulent properties 
of the three-dimensional flow and the transverse mixing induced by unsteady secondary motion. 
The experimental facility, instrumentation and methodology are described in section 2. The main 
results are presented in sections 3, 4, 5 and 6. Appendix A presents photographs of the experimental 
facility and experiments. Appendix B shows steady flow data. Appendices C, D, E, G and H 
regroup unsteady flow data sets. Appendix F presents video movies of the experiments, available as 
part of a digital appendix. Appendix H regroups unsteady free-surface elevation data, available as 
part of a digital appendix. 
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2. EXPERIMENTAL APPARATUS, INSTRUMENTATION AND 
METHODOLOGY 
2.1 PRESENTATION 
Physical models are generally based upon a geometric similitude, with the geometric scaling ratio 
Lr defined by the ratio of the prototype to the model dimensions. In hydraulic models, geometric 
similarity is not sufficient and the investigation requires some similarity in flow patterns 
(HENDERSON 1966). Herein, a dimensional analysis for the surge propagation in an asymmetrical 
channel is developed. In the study of turbulent flows, the most relevant parameters are the fluid 
properties, channel geometry, physical constants and inflow conditions (HENDERSON 1966, 
LIGGETT 1994). A simplified dimensional analysis yields a series of instantaneous turbulent flow 
properties, at a position (x,y,z) and time t, as functions of key relevant parameters identified for the 
propagation of a positive surge in an asymmetrical channel (Fig. 2-1): 
 x y z ij 1 s 1 1d,V ,V ,V ,P, ,... F (x, y, z, t,D, W,k , , U,d ,V ,g, , , ,...)       (2-1) 
where d is the instantaneous water depth, Vx, Vy and Vz are the instantaneous longitudinal, 
transverse and vertical velocity components respectively, P is the instantaneous pressure, ij is the 
instantaneous Reynolds stress component with i,j = x, y, or z, x is the longitudinal coordinate 
positive downstream, y is the transverse coordinate measured from the right sidewall, z is the 
vertical coordinate with z = 0 at the lowest bed elevation, t is the time, D is the transverse bed 
elevation difference between left and right sidewalls, W is the full width of the flume, ks is the 
equivalent sand roughness height of the bed,  is the angle of the longitudinal channel bed and the 
horizontal, U is the bore celerity positive upstream, d1 is the initial flow depth measured above the 
lowest bed elevation, V1 is the initial flow velocity, g is the gravitational acceleration,  is the fluid 
density,  is the dynamic viscosity of the fluid, and  is the surface tension. It should be noted that 
the positive surge is assumed to be a monophase flow, and the biochemical properties of the fluid 
and sediment characteristics in natural systems are not considered in Equation (2-1). 
The dimensions of these independent variables can be grouped into three categories, mass (M), 
length (L) and time (T). For a positive surge, the relevant characteristic length and velocity scales 
are the initial equivalent flow depth A1/B1 and velocity V1, based upon momentum considerations 
(section 1). In turn Equation (2-1) may be expressed in dimensionless terms as: 
 y ijx z 21 11 1 1 1
1 1
VV Vd P, , , , , ,...A AV V V VgB B
  
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 (2-2) 
In the right hand side of Equation (2-2), the 9th term is the surge Froude number Fr1, the 10th term is 
the surge Reynolds number Re1 and 11th term is the Morton number Mo which is a function of the 
fluid properties and gravity constant only.  
In physical modelling of hydraulic jumps and positive surges, a Froude similitude is derived 
theoretically from momentum considerations (HENDERSON 1966, CHANSON 2012). The Morton 
number is equal in laboratory and prototype when the same fluids are used during the physical study 
and at full scale. In turn, viscous scale effects might take place in small laboratory channels, 
because the Reynolds similitude cannot be achieved. In physical modelling, it is impossible to fulfil 
a full similitude because of the too many relevant parameters. Herein, the experimental study was 
conducted based upon Froude and Morton similitudes, using relatively large surge Reynolds 
numbers ranging from 7.5104 to 3105, since a relatively large-size facility was used. 
 
2.2 EXPERIMENTAL FACILITY 
The experiments were conducted in the Advanced Engineering Building Hydraulics Laboratory of 
the University of Queensland. The 19 m long and 0.7 m wide rectangular tilting flume was 
equipped with 0.52 m high glass sidewalls. The facility was previously used by LENG and 
CHANSON (2015a,b,2016,2017) with a rectangular cross-section. Herein the channel bed was 
modified with the installation of a 1V:5H transverse slope, made out of PVC (Fig. 2-1 & 2-2). 
Water flow was supplied at a steady rate by an upstream water tank, followed by a series of flow 
straighteners and a smooth three-dimensional convergent to ensure a smooth inflow. A fast-closing 
Tainter gate was located at the channel's downstream end (x = 18.1 m) and its rapid closure 
generated a positive surge propagating upstream. Here x is the longitudinal distance from the start 
of the flume, positive downstream. A movie of the surge generation is presented in Appendix F 
(Movie IMGP4248.mov). The channel slope was constant for all experiments (So = 0.002216). 
Figure 2-2 shows the flume looking downstream. Further photographs are presented in Appendix A. 
In the followings, y is the horizontal transverse distance measured from the right glass sidewall and 
z is the vertical distance measured from the lowest point in the channel, i.e. next to the right 
sidewall (Fig. 2-1). 
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Fig. 2-1 - Dimensioned sketch of the channel cross-section - Left: looking upstream 
 
 
Fig. 2-2 - Photograph of the experimental facility looking downstream 
 
2.3 INSTRUMENTATION 
The water discharge was measured using a magneto-flow meter. In steady flows, the free-surface 
elevations were measured using rail mounted pointer gauges with an accuracy of 0.001 m. The 
velocity measurements were conducted with a Dwyer® 166 Series Prandtl-Pitot tube ( = 3.18 
mm) and a NortekTM acoustic Doppler velocimeter (ADV) Vectrino II Profiler (Serial number 
P27338, Hardware ID VNO 1366). The Prandtl-Pitot tube was calibrated to provide the boundary 
shear stress with the tube lying on the boundary (CABONCE et al. 2017). 
The unsteady water surface elevations were recorded using non-intrusive acoustic displacement 
meters (ADM) MicrosonicTM Mic +25/IU/TC and MicrosonicTM Mic +35/IU/TC, as shown in 
Figure 2-3. The three-dimensional surge flow pattern was recorded using eight ADMs installed very 
close to the velocity measurement location, with two ADMs along the centreline at x = 6.96 m and 
x = 9.96 m, and six ADMs at x = 8.5 m, spaced evenly in the transverse direction: y = 0.100 m, 
0.200 m, 0.300 m, 0.400 m, 0.500 m and 0.600 m. The six ADM units located at x = 8.5 m were set 
up such that they emitted signals in a multiplex fashion to prevent signal interference between 
7 
adjacent sensors. Additionally, two ADMs were placed immediately upstream and downstream of 
the Tainter gate to capture the gate closure time. All ADM sensors were calibrated against rail 
mounted pointer gauge water depth data. For each unsteady experiment, the free-surface elevation 
measurements were sampled at 100 Hz. 
 
 
Fig. 2-3 - Positive surge propagation from right to left - View through the right sidewall, with an 
series acoustic displacement meter (ADM) units (light blue arrow) mounted above the free-surface 
across the channel width and an acoustic Doppler velocimeter (ADV) Vectrino II Profiler (red 
arrow) sampling beneath the surge front 
 
Unsteady velocity measurements were conducted using a NortekTM acoustic Doppler velocimeter 
Vectrino II Profiler (Serial number P27338, Hardware ID VNO 1366) in the deep-water sections of 
the channel and a NortekTM acoustic Doppler velocimeter Vectrino+ (Serial No. VNO 0436) in the 
shallow-water sections. The ADV Profiler was equipped with a three-dimensional down-looking 
head, capable of taking simultaneous velocity measurements in a 30 mm profiling range at 1 mm 
increments (2). The velocity range was set at 1.0 m/s for the lowest flow rates and 1.2 m/s for the 
higher flow rates. The ADV Vectrino+ was equipped with a side-looking head and recorded 
velocity measurements at a single point. The velocity range was set at 1.0 m/s. The ADV mount 
                                                 
2 The physical experiments were conducted in 2017, after a manufacturer's re-calibration in January 2017. 
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was installed at x = 8.6 m. For each experiment, the velocity measurements were sampled at 100 Hz 
for the ADV Profiler and at 200 Hz for the ADV Vectrino+. 
For each flow condition, the unsteady flow experiments were repeated 25 times, the ADM and 
ADV data were synchronised within 1 ms, and the results were ensemble-averaged following 
CHANSON and DOCHERTY (2012) and LENG and CHANSON (2016,2017). 
 
ADV signal processing 
Steady flow ADV data were post-processed with the Matlab program VTMT version 1.1 (BECKER 
2014) for the ADV Vectrino II Profiler, and with the software WinADVTM for the ADV Vectrino+. 
The post-processing included the removal of communication errors, average signal to noise ratio 
less than 5dB and correlation values less than 60%. In addition, the phase-space thresholding 
technique, developed by GORING and NIKORA (2002) and implemented by WAHL (2003), was 
applied to remove spurious points and spikes. 
This post processing technique was not applicable to unsteady flow measurements (CHANSON 
2008, KOCH and CHANSON 2009, LENG and CHANSON 2016). Herein, for each flow 
condition, the unfiltered signals were synchronised and ensemble-averaged. The instantaneous 
ensemble-median and fluctuations were calculated. The latter was defined as the interquartile range, 
or difference between third and first quartiles. 
 
2.4 EXPERIMENTAL FLOW CONDITIONS 
The steady flow conditions were characterised through a series of experiments for three discharges: 
Q = 0.015 m3/s, 0.050 m3/s and 0.1017 m3/s. Detailed measurements included free-surface 
elevations, velocity distributions, and Reynolds shear stress distributions at x = 8.6 m for several 
transverse locations y. Further the boundary shear stress distribution along the wetted perimeter was 
determined using the Prandtl-Pitot tube acting as a Preston tube. 
Unsteady flow experiments were conducted to characterise the changes in velocity and free-surface 
profile during the passage of the bore at x = 8.6 m. This included experiments at various vertical 
and transverse locations along the channel cross section for a range of flow conditions (Table 2-1). 
In Table 2-1, Q is the initially steady flow rate, Re1 is the surge Reynolds number, h is the gate 
opening after closure, d1 is the initial steady flow water depth measured along the right sidewall, y 
is the transverse location, (z-zo) is the local elevation above the bed and zo is the bed elevation at a 
transverse location y. In the present study, all experiments were conducted with relatively large 
surge Reynolds numbers, ranging from 7.5104 to 3105, to minimise potential scale effects. 
The positive surge was generated by closing rapidly the Tainter gate, and the surge propagated 
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upstream until it reached the intake structure. Sampling was stopped once the surge reached x = 0 
m. The Tainter gate closure time was less than 0.15-0.2 s (LENG and CHANSON 2016) and had a 
negligible effect on the propagation of the surge. 
 
Table 2-1 - Summary of positive surge experiments in a non-rectangular asymmetrical channel 
 
Q Re1 h d1 Fr1 y z-zo Instrumentation 
m3/s  m m  m m  
0.030 7.5104 0 0.13 1.59-1.63 0.050 0.006-0.035 ADV Profiler 
     0.100   
     0.200   
     0.050 0.031-0.060  
     0.350 0.006 
0.021 
0.041 
ADV Vectrino+ 
     0.400 0.006  
     0.450 0.006 
0.024 
 
     0.500 0.006  
     0.550 0.006  
 6.6104 0.016  1.36 N/A N/A ADM only 
0.050 1.3105 0 0.156 1.63 N/A N/A ADM only 
0.055 1.4105 0 0.164 1.53-1.64 0.050 0.006-0.035 
0.051-0.080 
ADV Profiler 
     0.100 0.006-0.035 
0.051-0.080 
 
     0.200 0.006-0.035  
     0.300 0.006-0.035  
 1.2105 0.032 0.164 1.30-1.34 0.050 0.006-0.035 
0.051-0.080 
ADV Profiler 
     0.100 0.006-0.035 
0.051-0.080 
 
     0.200 0.006-0.035  
     0.300 0.006-0.035  
0.100 3105 0 0.209 1.60-1.80 0.100 0.006-0.035 
0.76-0.105 
ADV Profiler 
     0.350 0.006-0.035  
     0.450 0.006-0.035  
 1.7105 0.055 0.209 1.30 N/A N/A ADM Only. 
 
Notes: d1: water depth measured next to right sidewall; Fr1: surge Froude number: Fr1 = 
(V1+U)/(gA1/B1)1/2; Re1: surge Froude number: Re1 = (V1+U)A1/B1/; So: bed slope (So = 
0.002216); zo: local bed elevation; Unless stated, all experiments included ADM measurements. 
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3. STEADY OPEN CHANNEL FLOW IN A NON-RECTANGULAR 
ASYMMETRICAL CHANNEL 
3.1 PRESENTATION 
Steady flow experiments were conducted in the non-rectangular asymmetrical channel 
configuration for a range of discharges (Table 3-1). Table 3-1 summarises the experimental flow 
conditions, where So is the bed slope, Q is the discharge, d is the water depth measured from the 
lowest point in the cross section, B is the free-surface width, Vmean is the cross-sectional average 
velocity and f is the Darcy-Weisbach friction factor. The measurements included free-surface 
elevations, boundary shear stresses, time-averaged velocities and velocity fluctuations at the 
velocity sampling location (x = 8.6 m). The full data set is reported in Appendix B. 
 
Table 3-1 - Summary of steady flow experimental conditions 
 
So Q 
(m3/s) 
Re d 
(m) 
B 
(m) 
A 
(m2) 
Vmean 
(m/s) 
f 
0.002216 0.015 1.00105 0.098 0.49 0.024 0.625 0.018 
 0.050 2.29105 0.158 0.70 0.062 0.821 0.018 
 0.101 4.09105 0.209 0.70 0.097 1.045 0.016 
 
Notes: f: Darcy-Weisbach friction factor; Re: steady flow Reynolds number defined in terms of the 
hydraulic diameter: Re = VDH/; Flow properties measured at x = 8.6 m. 
 
3.2 BASIC RESULTS 
Free-surface measurements were conducted at various longitudinal and transverse locations. The 
free-surface was horizontal in the transverse direction for all flow conditions. Longitudinal 
oscillations in water depth were observed for all flow rates between x = 0 to 5 m. This was likely 
caused by the flow convergent at the channel's upstream end. Between x = 5 m and 16 m, the free-
surface was parallel to the longitudinal bed, i.e. d/x = 0, indicating uniform-equilibrium flow 
conditions. For the smallest flow rate (Q = 0.015 m3/s), the channel cross-section was triangular 
with d < D. For the larger flow rates, the channel cross-section was trapezoidal. Uniform-
equilibrium flow in an open channel occurs when the shear forces exactly balance the gravitational 
force component (HENDERSON 1966, CHANSON 2004). The application of the momentum 
equation provided a quantitative estimate of the cross-sectional average boundary shear stress. The 
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results are reported in Table 3-1 (column 8) in terms of the Darcy-Weisbach friction factor (1). 
Further downstream between x = 16 m and 19 m (2), the flow was accelerating as it approached the 
sloped transition from a trapezoidal cross-sectional shape back to a rectangular cross-section. 
At the velocity sampling cross-section (x = 8.6 m), the velocity data showed that the flow was 
three-dimensional, owing to the asymmetrical shape of the channel cross-section. Figure 3-1 shows 
typical velocity profiles measured using a Prandtl-Pitot tube and ADV unit for one discharge at two 
transverse locations. The experimental data are compared with the theoretical log-wake law velocity 
profile (SCHLICHTING 1979, MONTES 1998, CHANSON 2014). In Figure 3-1, the local bed 
elevation zo is shown with a black dashed line and the free-surface elevation is the thick blue 
horizontal line. Overall, there was a close agreement between the Pitot tube and ADV data, as well 
as between the physical data and theory. The velocity data fulfilled the no-slip boundary condition: 
that is, the longitudinal velocity was zero at the bed: Vx(z=zo) = 0. The steady flow was fully 
developed and three-dimensional at the sampling location (x = 8.6 m). Within the lower flow 
region, the vertical distributions of longitudinal velocity component followed a power law profile 
(Fig. 3-1). Next to the free-surface in the deep-water parts of the cross-section, a velocity dip was 
observed, with the maximum velocity recorded below the free-surface: e.g., at z/d  0.74 in Figure 
3-1 (Left). This phenomenon is believed to be linked to intense secondary motion and transverse 
momentum exchange (NEZU and RODI 1985). Further the Prandtl-Pitot tube measurements 
showed hydrostatic pressure distributions. 
Detailed contours plots of the time-averaged longitudinal velocity were derived. Figure 3-2 presents 
typical examples. The velocity contour plots showed that the velocity was not uniformly distributed. 
For d/D <1, the flow cross-section was triangular (Fig. 3-2A) and low velocity areas were observed 
along the wetted perimeter. The highest velocity region was towards the triangle's centre about y/W 
= 0.2, where W is the full channel width (W = 0.7 m), as previously reported for a triangular 
channel (CHOW 1959). For d/D > 1, the flow cross-section was trapezoidal and the patterns were 
asymmetrical, with two distinct regions of high velocity regions observed at y/W  0.2 and y/W  
0.6 respectively (Fig. 3-2B). This may be associated with the existence of streamwise vortices, as a 
result of momentum transfer from high velocity regions to low velocity regions, previously 
documented in laboratory and in the field (TAMBURRINO and GULLIVER 2007, TREVETHAN 
et al. 2008, REUNGOAT et al. 2016). 
 
                                                 
1 The Darcy-Weisbach friction factor is related to the boundary shear stress as: f = 8o/(Vmean2). 
2 During the steady flow experiments, the Tainter gate was fully-opened and did not interfere with the flow. 
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Fig. 3-1 - Vertical profiles of time-averaged longitudinal velocity - Flow conditions: Q = 0.1017 
m3/s, d = 0.209 m, x = 8.6 m, y = 0.100 m (Left) and y = 0.400 m (Right) - Comparison between 
Prandtl-Pitot tube, ADV Profiler data and theoretical log-wake law 
 
The velocity contour plots were integrated to yield the cross sectional flow rate: 
 xA V dy dz    (3-1) 
The results were in close agreement with the discharge measurements within 3.5%. More 
specifically, the difference between Equation (3-1) and the measured water discharge was 2.3%, 
less than 1% and 3.5% for Q = 0.015 m3/s, 0.050 m3/s and 0.1 m3/s respectively. 
 
 
(A) Flow conditions: Q = 0.0147 m3/s, d/D = 0.70 
Vx/V1 
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(B) Flow conditions: Q = 0.1017 m3/s, d/D = 1.49 
Fig. 3-2 - Longitudinal velocity contour plots at x = 8.6 m - Colour scale corresponds to Vx/V1 
 
Secondary motions within the cross section were evidenced by transverse and vertical velocity 
distributions, shown in Figure 3-3 for Q = 0.1017 m3/s. Note that the ADV Profiler data were 
restricted in terms of maximum elevation and transverse location by the ADV head dimensions. In 
comparison to the cross-sectional averaged longitudinal velocity Vmean, the transverse and vertical 
velocities were small. Between 0 < y/W < 0.2, there was a distinct negative region for both Vy and 
Vz, and a positive region between 0.2 < y/W < 0.4. 
Based upon Prandtl-Pitot tube data, the boundary shear stress was estimated along the wetted 
perimeter (3). Figure 3-4 shows a typical boundary shear stress distribution, for Q = 0.1017 m3/s. 
The boundary shear stress distribution followed a non-uniform pattern on the inclined transverse 
bed. For the largest discharge, the data showed a minimum shear stress near the channel centreline, 
and the maximum boundary shear stress along the wetted perimeter was 1.8 Pa. 
 
                                                 
3 Full details on the calibration were reported in CABONCE et al. (2017) (Appendices C and D). 
Vx/V1 
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Fig. 3-3 - Contour plots of dimensionless transverse velocity (Vy/Vmean) (Left) and vertical velocity 
(Vz/Vmean) (Right) at x = 8.6 m - Flow conditions: Q = 0.1017 m3/s, d/D = 1.49 (Blue line) 
 
 
Fig. 3-4 - Boundary shear stress distribution along the wetted perimeter - Flow conditions: Q = 
0.1017 m3/s, d/D = 1.49 
 
 
 
 
Vz/Vmean Vy/Vmean 
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4. UNSTEADY OPEN CHANNEL FLOW PATTERNS IN A NON-
RECTANGULAR ASYMMETRICAL CHANNEL 
4.1 PRESENTATION 
The propagation of positive surges is a highly turbulent and unsteady process (HORNUNG et al. 
1995). For such a rapidly-varied unsteady flow, a time average would be meaningless, as the long-
term trend and the short-term, turbulent fluctuations differ (BRADSHAW 1971, PIQUET 1999). 
Herein, a series of ensemble-average measurements were conducted to study the free-surface and 
velocity characteristics during the passage of the positive surge. For each flow condition, 
experiments were repeated 25 times and the results were ensemble-averaged. Typical outputs 
encompassed the median velocity V50, median free-surface elevation d50, and characteristic 
fluctuation in velocity V75-25 and free-surface elevation d75-25, defined in terms of the interquartile 
range. For a Gaussian distribution of an ensemble around its mean, the interquartile range, e.g. V75-
25 = V75-V25, would be equal to 1.3 times the standard deviation (SPIEGEL 1972). 
In the present study, a range of initial flow conditions were investigated, namely three discharges, 
Q, and two gate openings, h, as summarised in Table 4-1, where Q is the water discharge, h is the 
gate opening after gate closure, Fr1 is the surge Froude number, U is the surge celerity, d1 and d2 are 
the initial and conjugate water depths respectively measured above the lowest cross sectional bed 
elevation, B1 is the steady flow free-surface width and B2 is the conjugate free-surface width 
immediately after the passage of the positive surge. Appendix C presents the full data set of 
ensemble-averaged free-surface measurements. 
 
Table 4-1 - Summary of experimental flow conditions for unsteady flow measurements 
 
Q 
(m3/s) 
h 
(mm) 
Fr1 U 
(m/s) 
d1 
(m) 
d2 
(m) 
B1  
(m) 
B2  
(m) 
0.0295–0.0301 0 1.60–1.69 0.55–0.59 0.137–0.129 0.148–0.155 0.65 0.70 
0.0503 0 1.64 0.66 0.155 0.203 0.70 0.70 
0.0546–0.0554 0 1.53–1.58 0.66–0.68 0.161–0.166 0.246–0.232 0.70 0.70 
0.0547–0.0550 32 1.30–1.34 0.44–0.45 0.164–0.165 0.207–0.209 0.70 0.70 
0.1017 0 1.66–1.88 0.84–1.12 0.206 0.338 0.70 0.70 
0.1017 55 1.30 0.45 0.207–0.212 0.297–0.339 0.70 0.70 
 
Note: So = 0.002216 for all experiments. 
 
For d1/D <1, the initial cross-section area was triangular and the initial free-surface width B1 was 
less than the full channel width: i.e., B1 < W = 0.70 m. For d1/D >1, the initial free-surface width 
was equal to the full channel width: W = B1 = 0.7 m and the initial cross section was trapezoidal. 
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During the propagation of the positive surge, the conjugate water depth was greater than the 
transverse rise in bed elevation: i.e., d2 > D and B2 = W = 0.7 m, for all investigated flow 
conditions. In the present study, several positive surge flow patterns were observed and recorded 
depending primarily on the relative initial flow depth d/D and surge Froude number Fr1. 
 
4.2 BASIC FLOW PATTERNS 
Visual observations were conducted for a range of flow conditions. Typical illustrations are 
presented in Appendix A. Video movies are shown in Appendix F. Basic dimensional 
considerations suggested that the surge flow patterns and flow field are functions of the surge 
Froude number (V1+U)/(gA1/B1)1/2, the initial relative depth d1/D and the surge Reynolds number 
(V1+U)A1/B1/ (section 2.1), where D is the maximum height of the transverse bed slope: D = 
0.140 m. Within the range of investigated flow conditions (Table 4-1), the present observations 
showed that the flow features were mostly affected by the Froude number and initial relative depth. 
Several basic flow patterns were observed at the sampling site x = 8.6 m. For d1/D < 1, the initial 
free-surface width B1 was less than 0.70 m and the initial cross-section area was triangular. Within 
the experimental flow conditions (Table 4-1), the surge rose past the end of transverse slope and the 
conjugate cross-section was trapezoidal, with a conjugate free-surface width B2 = W = 0.70 m. For 
d1/D > 1, both the initial and conjugate free-surface widths were equal to W = 0.70 m and the 
corresponding flow cross-sections were trapezoidal. Figures 4-1 to 4-4 present photographs and 
corresponding three-dimensional ensemble-averaged free-surface measurements of the propagating 
surge. The full tabular data are  available as a Digital Appendix (Appendix H). The ensemble-
average measurements were further analysed. Table 4-2 summarises the surge characteristics, 
including the wave period, wave amplitude aw and wave length Lw of undular surges 
For Fr1 > 1.5 and d1/D > 1.5, the positive surge was breaking (Fig. 4-3, Digital Appendix Movie 
Video_9.mov). The roller region was quasi-two-dimensional. Air bubble entrainment was observed 
through the glass sidewalls, entrapped and convected in the large-scale coherent structures of the 
roller shear layer. 
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Fig. 4-1 - Three dimensional ensemble-averaged free-surface measurements (Left) and positive surge photograph, with surge propagating from 
background to foreground (Right) - Flow conditions: Fr1 = 1.61, Q = 0.031 m3/s, h = 0 mm 
    
Fig. 4-2 - Three dimensional ensemble-averaged free-surface measurements (Left) and positive surge photograph, with surge front propagating from 
background to foreground (Right) - Flow conditions: Fr1 = 1.58, Q = 0.0543 m3/s, h = 0 mm 
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For all other flow conditions, i.e. Fr1 < 1.5 or d1/D < 1.5, the surge was undular with some breaking, 
and marked three-dimensional features. Namely, the positive surge was undular in the deep-water 
(right) side, and some breaking was observed towards the left sidewall in the shallow-water section. 
The surge leading edge arrived first in the shallow-water side and trailed in the deep-water section 
(Fig. 4-1 & 4-2, Digital Appendix Movie CIMG2384.MOV). That is, the surge front propagated 
upstream at an angle to the sidewall, although the bore celerity was the same on both sides of the 
flume. Complicated three-dimensional flow features were observed behind the surge front, with 
transient secondary currents in the wake of the shallow-water surge front. 
For Fr1 < 1.5 and Re1 < 1.5105, the surge features were three-dimensional, as seen in Figures 4-1 
and 4-2. In the shallow-water section, the breaking bore front was characterised by a sharp increase 
in the free-surface elevation and the roller region was associated with air bubble entrainment. In the 
deep-water side, the undular bore front was characterised by a gradual increase in the free-surface 
elevation, sometimes with partial breaking as shown in Figure 4-2. Quasi-periodic secondary 
currents were observed behind the surge front. Across the channel width, from the deeper section to 
the shallower section, the undulation amplitude aw, wave length Lw and wave period decreased, 
before transitioning to a breaking surge. Detailed experimental observations are presented in Table 
4-2, including the surge characteristics at several transverse locations for several flow conditions. 
Despite the three-dimensional features, the conjugate free-surface elevation was the same across the 
section. 
For d1/D < 1, visual observations highlighted characteristic three-dimensional features, with strong 
transverse mixing illustrated by large-scale vortices and surface scars behind the surge front. Dye 
injection showed drastically different conjugate motions between the left and right sides. In the 
deep-water side (right), the conjugate flow motion continued to flow downstream, while, in the 
shallow-water (left) side, the flow changed direction after the bore, moving upstream. This led to 
some complicated secondary currents and shear zone about the channel centreline. 
Overall, the present findings presented some similarity with positive surge propagation in a 
compound channel (PAN and CHANSON 2015). In the study of PAN and CHANSON (2015), the 
features of a surge overtopping from the main channel onto the adjacent levee were investigated. 
The surge advancing over the stepped levee had a breaking front, while an undular bore was 
observed in the deeper main channel, in a manner not unlike the present observations. The current 
observations presented also some similarity with field observations of tidal bore in trapezoidal 
channels, e.g. Garonne River at Arcins (CHANSON et al. 2011, KEEVIL et al. 2015, REUNGOAT 
et al. 2017a). 
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Fig. 4-3 - Three dimensional ensemble-averaged free-surface measurements (Left) and positive surge photograph with bore front propagating from 
background to foreground (Right) - Flow conditions: Fr1 = 1.66, Q = 0.1017 m3/s, h = 0 mm 
 
Fig. 4-4 - Three dimensional ensemble-averaged free-surface measurements (Left) and positive surge photograph, with surge front propagating from 
background to foreground (Right) - Flow conditions: Fr1 = 1.30, Q = 0.1017 m3/s, h = 0.055 m 
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Table 4-2 - Positive surge characteristics across the channel for several discharges and gate openings 
 
y = 0.100 m y = 0.200 m y = 0.300 m y = 0.400 m y = 0.500 m y = 0.600 m Q 
(m3/s) 
h 
(m) Fr1 Period (s) 
aw 
(mm) 
Lw 
(m) 
Period 
(s) 
aw 
(mm) 
Lw 
(m) 
Period 
(s) 
aw 
(mm) 
Lw 
(m) 
Period 
(s) 
aw 
(mm) 
Lw 
(m) 
Period 
(s) 
aw 
(mm) 
Lw 
(m) 
Period 
(s) 
aw 
(mm) 
Lw 
(m) 
0.031 0 1.61 1.88 26.51 1.06 1.66 10.34 0.93 1.46 8.65 0.82 Breaking Breaking Breaking 
0.0503 0 1.64 1.61 17.93 1.06 1.59 19.13 1.05 1.56 13.38 1.03 1.40 8.44 0.92 Breaking Breaking 
0.0543 0 1.58 1.28 22.59 0.82 1.21 23.78 0.78 1.18 21.30 0.76 1.27 10.59 0.82 Breaking Breaking 
0.0546 0.032 1.31 1.39 15.36 0.62 1.46 26.87 0.65 1.56 21.20 0.69 1.55 15.62 0.69 1.51 6.41 0.67 Breaking 
0.1017 0 1.66 Breaking Breaking Breaking Breaking Breaking Breaking 
0.1017 0.055 1.30 1.33 11.39 0.59 1.25 11.36 0.56 1.21 10.62 0.54 1.21 8.55 0.54 Breaking Breaking 
 
Notes: aw: free-surface undulation amplitude; Lw: free-surface undulation wave length; Period: free-surface undulation period; y: transverse distance 
from the right sidewall. 
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4.3 FREE-SURFACE FLUCTUATIONS 
The free-surface elevation and free-surface fluctuations were characterised in terms of the 
ensemble-median water depth d50 and difference between the third and first quartiles d75-25. For a 
Gaussian distribution of ensemble-averaged data, this inter-quartile range would be equal to 1.3 
times the standard deviation (SPIEGEL 1972). LENG and CHANSON (2015a) showed that the 
inter-quartile range data compared favourably with free-surface fluctuations observed in breaking 
bores and stationary hydraulic jumps. The free-surface elevations and fluctuations were recorded at 
various transverse locations at x = 8.6 m. Figure 4-5 presents typical dimensionless ensemble-
median water elevation d50/d1 and dimensionless fluctuation in the water elevation d75-25/d1 during 
the passage of the bore for initially steady discharges Q = 0.1017 m3/s, 0.030 m3/s and 0.055 m3/s. 
All free-surface elevation data showed a rapid rise in water elevation at all transverse locations. The 
free-surface fluctuation data indicated a marked increase, by an order of magnitude, immediately 
following the arrival of the surge, characterising the highly turbulent process. With a breaking bore, 
the surge front passage showed a sharp increase in the free-surface fluctuations immediately 
following the arrival of the surge, as shown in Figure 4-5A. Free-surface fluctuations in undular 
bore sections showed an increase, followed by some quasi-periodic oscillation with the same period 
as the secondary free-surface elevation oscillations, but out of phase, as shown in Figure 4-5B. The 
maxima and minima in free-surface fluctuations roughly corresponded to the greatest rate of change 
in the free-surface elevation. Figure 4-5C illustrates the fluctuations in free-surface elevation during 
the passage of an undular surge with slight breaking. 
For all experiments, the maximum free-surface fluctuations were observed with a time lag t, 
following the passage of the surge's leading edge, as illustrated on Figure 4-5A for the location y/W 
= 0.43. This phenomenon has been previously observed by LENG and CHANSON (2016, 2017a). 
The time lag between the maximum fluctuation and surge's leading edge, and the magnitude of the 
maximum fluctuation, differed across the channel, indicating strong three-dimensional features.  
Following the passage of the surge, the free-surface fluctuations remained significant, in contrast to 
observations in a rectangular channel, for which the fluctuations tended to revert back to zero 
(LENG and CHANSON 2015b). This was likely caused by the complicated transverse motion and 
secondary currents observed on the asymmetrical bed. 
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(A) Flow conditions: Fr1 = 1.67, Q = 0.1017 m3/s, h = 0 m, d1 = 0.209 m 
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(B) Flow conditions: Fr1 = 1.57, Q = 0.0548 m3/s, h = 0 m, d1 = 0.164 m 
Δt 
d75-25 (y/W=0.43) 
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(C) Flow conditions: Fr1 = 1.66, Q = 0.0308 m3/s, h = 0 m, d1 = 0.127 m 
Fig. 4-5 - Dimensionless time variation of median free-surface elevation and free-surface 
fluctuations across the channel 
 
4.4 FREE-SURFACE MEASUREMENT ANALYSIS 
The free-surface data were compared to past field investigations in natural channels and man-made 
canals, and laboratory experimental studies in rectangular and trapezoidal channels, as well as with 
analytical solutions. Key features of the positive surge included the conjugate cross-section area A2 
and characteristics widths (B2, B1, B and B’) (section 1.1). Results are summarised in Table 4-3. 
Appendix C presents the full data set of positive surge features observed for all investigated flow 
conditions. Appendix D develops theoretical solutions. 
Theoretical considerations showed that the dimensionless conjugate area, A2/A1 is a function of the 
bore Froude number (Eq. (1-1)). Figure 4-6 present a comparison between present experimental 
data and theoretical results. Figure 4-6 also includes field investigations of tidal bores in irregular 
channels, a field investigation in hydropower canal and laboratory studies in rectangular (1) and 
trapezoidal channels. Details are summarised in the figure caption. In addition, the Bélanger 
equation (Eq. (1-4)) is shown as a solid line. 
The present data compared favourably to the analytical solution of the momentum equation (Eq. (1-
1)). An increase in the surge Froude number was associated with an increase in the ratio of 
conjugate areas. Overall, the experimental data for the higher discharges followed closely results 
                                                 
1 In rectangular channels, the ratio of the conjugate depth d2/d1 is equal to the ratio of the conjugate area 
A2/A1. 
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from previous studies. For the lowest discharge when the initial cross section was triangular, 
however, the present data deviated from field observations and analytical solution. The trend is not 
currently explained, although the data were checked carefully. 
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Fig. 4-6 - Ratio of conjugate cross-section areas A2/A1 as a function of the surge Froude number Fr1 
for positive surges - Comparison between field investigations and past laboratory experiments, as 
well as the momentum equation (Eq. (1-1)) and Bélanger equation (Eq. (1-4)) 
Data set name Reference Description Channel cross-section 
Daly River WOLANSKI et al. (2004) Tidal bore (field) Trapezoidal, irregular 
Dee River SIMPSON et al. (2004) Tidal bore (field) Trapezoidal, irregular 
Garonne River 2010 CHANSON et al. (2011) Tidal bore (field) Trapezoidal, asymmetrical 
Sélune River 2010 MOUAZE et al. (2010) Tidal bore (field) Triangular, asymmetrical 
Sée River 2012 FURGEROT et al. (2013) Tidal bore (field) Trapezoidal, irregular 
Garonne River 2012 REUNGOAT et al. 
(2014) 
Tidal bore (field) Trapezoidal, asymmetrical 
Garonne River 2013 KEEVIL et al. (2015) Tidal bore (field) Trapezoidal, asymmetrical 
Garonne River 2015 REUNGOAT et al. 
(2017a) 
Tidal bore (field) Trapezoidal, asymmetrical 
Garonne River 2016 REUNGOAT et al. 
(2017b) 
Tidal bore (field) Trapezoidal, asymmetrical 
Oraison PONSY and 
CARBONELL (1966) 
Hydropower canal (Field) Trapezoidal, symmetrical 
Treske TRESKE (1994) Laboratory Trapezoidal, symmetrical 
Leng & Chanson LENG and CHANSON 
(2015b) 
Laboratory Rectangular 
Present study Present study Laboratory Trapezoidal/triangular, 
asymmetrical 
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Table 4-3 - Free-surface features of positive surges in non-rectangular asymmetrical channel 
(Present study) 
 
Q 
(m3/s) 
h 
(m) 
Fr1 V1 
(m/s) 
U 
(m/s) 
A1 
(m2) 
B1 
(m) 
B 
(m) 
B' 
(m) 
ΔA 
(m2) 
A2/A1 B1/B B'/B A1/B1 
0.030 0 1.61 0.72 0.56 0.042 0.648 0.689 0.690 0.018 1.419 0.940 1.001 0.065 
 0.016 1.38 0.72 0.38 0.042 0.648 0.686 0.680 0.013 1.311 0.945 0.991 0.065 
 0 1.60 0.72 0.55 0.042 0.647 0.687 0.683 0.015 1.356 0.941 0.994 0.065 
 0 1.61 0.73 0.55 0.041 0.643 0.686 0.681 0.016 1.378 0.938 0.993 0.064 
 0 1.61 0.73 0.55 0.041 0.644 0.685 0.679 0.015 1.353 0.939 0.991 0.064 
 0 1.65 0.73 0.57 0.041 0.641 0.683 0.676 0.014 1.348 0.938 0.989 0.064 
 0 1.64 0.73 0.57 0.041 0.644 0.686 0.680 0.015 1.364 0.939 0.992 0.064 
 0 1.65 0.74 0.57 0.041 0.640 0.683 0.676 0.015 1.358 0.937 0.989 0.064 
 0 1.65 0.75 0.56 0.040 0.636 0.684 0.678 0.017 1.424 0.930 0.992 0.064 
 0 1.64 0.72 0.58 0.041 0.643 0.684 0.676 0.014 1.334 0.940 0.989 0.064 
 0 1.63 0.73 0.56 0.041 0.642 0.686 0.682 0.017 1.401 0.936 0.994 0.064 
 0 1.68 0.73 0.59 0.040 0.636 0.681 0.672 0.015 1.360 0.934 0.987 0.064 
 0 1.63 0.73 0.56 0.041 0.640 0.684 0.678 0.016 1.381 0.935 0.991 0.064 
 0 1.62 0.73 0.55 0.040 0.635 0.682 0.674 0.016 1.396 0.931 0.989 0.064 
0.0503 0 1.64 0.84 0.66 0.060 0.700 0.700 0.700 0.034 1.561 1.000 1.000 0.086 
0.055 0 1.58 0.86 0.64 0.064 0.700 0.700 0.700 0.048 1.751 1.000 1.000 0.091 
 0 1.56 0.82 0.68 0.067 0.700 0.700 0.700 0.046 1.692 1.000 1.000 0.096 
 0 1.58 0.85 0.67 0.065 0.700 0.700 0.700 0.046 1.704 1.000 1.000 0.094 
 0 1.53 0.82 0.66 0.067 0.700 0.700 0.700 0.056 1.838 1.000 1.000 0.096 
 0 1.58 0.84 0.67 0.066 0.700 0.700 0.700 0.046 1.700 1.000 1.000 0.094 
 0 1.55 0.83 0.67 0.066 0.700 0.700 0.700 0.045 1.674 1.000 1.000 0.095 
 0 1.57 0.84 0.67 0.066 0.700 0.700 0.700 0.044 1.673 1.000 1.000 0.094 
 0.032 1.30 0.81 0.45 0.067 0.700 0.700 0.700 0.029 1.434 1.000 1.000 0.096 
 0.032 1.33 0.83 0.45 0.066 0.700 0.700 0.700 0.030 1.461 1.000 1.000 0.094 
 0.032 1.31 0.82 0.44 0.067 0.700 0.700 0.700 0.029 1.438 1.000 1.000 0.095 
 0.032 1.34 0.83 0.46 0.066 0.700 0.700 0.700 0.031 1.471 1.000 1.000 0.094 
 0.032 1.32 0.83 0.44 0.066 0.700 0.700 0.700 0.030 1.459 1.000 1.000 0.095 
 0.032 1.33 0.83 0.45 0.066 0.700 0.700 0.700 0.031 1.469 1.000 1.000 0.095 
0.102 0 1.66 1.07 0.85 0.095 0.700 0.700 0.700 0.093 1.971 1.000 1.000 0.136 
 0.055 1.30 1.06 0.45 0.096 0.700 0.700 0.700 0.063 1.657 1.000 1.000 0.137 
 0 1.81 1.02 1.12 0.100 0.700 0.700 0.700 0.087 1.869 1.000 1.000 0.143 
 0 1.77 1.04 1.03 0.098 0.700 0.700 0.700 0.090 1.928 1.000 1.000 0.139 
 0 1.60 1.03 0.84 0.098 0.700 0.700 0.700 0.089 1.909 1.000 1.000 0.141 
 0 1.67 1.04 0.92 0.098 0.700 0.700 0.700 0.089 1.915 1.000 1.000 0.140 
 
Note: So = 0.002216 for all experiments. 
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5. UNSTEADY VELOCITY FIELD IN A NON-RECTANGULAR 
ASYMMETRICAL CHANNEL 
5.1 VELOCITY MEASUREMENTS AND OBSERVATIONS 
Detailed velocity measurements were conducted at x = 8.6 m for a range of flow conditions (Table 
4-1). All ADM and ADV systems were synchronised within ±1 ms, with the time origin being the 
Tainter gate closure. Each experimental flow condition was tested 25 times and the results were 
ensemble-averaged following CHANSON and DOCHERTY (2012). 
The passage of the positive surge had a marked effect on the velocity field at all transverse and 
vertical positions for all flow conditions. This is illustrated in Figure 5-1, showing dimensionless 
time variations of longitudinal velocity component during the passage of the surge at several 
transverse and vertical locations for two flow rates. Figure 5-2 presents typical dimensionless time 
variation of the transverse velocity component across the channel during the passage of the surge. 
Herein Vx,50/V1 is the dimensionless ensemble-median longitudinal velocity component, Vy,50/V1 is 
the dimensionless ensemble-median transverse velocity component, d50/d1 is the dimensionless 
ensemble-median water elevation, y/W is the dimensionless transverse location, t(g/(A1/B1)0.5 is 
the dimensionless time since gate closure and (z-zo) is the local vertical elevation above the bed. 
Velocity measurements for all flow conditions are presented in Appendix E. 
The arrival of the positive surge was associated with a marked increase in water depth and decrease 
in the longitudinal velocity component. For all breaking bores, the longitudinal deceleration was 
abrupt and rapid, coinciding with the sharp increase in the water elevation at the roller toe, as shown 
in Figure 5-1A. After the passage of the breaking surge, the longitudinal velocity was almost 
constant with large fluctuations, as the conjugate water depth steadied. For undular surges, the 
longitudinal velocity showed a more gradual deceleration at the arrival of the surge front, associated 
with the slower rate of rise in free-surface elevation. During the passage of the free-surface 
undulations, the longitudinal velocity oscillated about a mean value. Here, the longitudinal velocity 
measurements were maximum beneath the wave troughs and minimum at the wave crests, as seen 
in Figure 5-1B. 
The vertical velocity component followed a pattern similar to that observed for the free-surface 
elevation. Initially oscillating about zero, the vertical velocity Vz experienced a sharp increase at the 
arrival of a breaking surge, before returning to zero after the surge front. During the passage of the 
undular bore, the vertical velocity component increased at the arrival of the bore front and then the 
vertical velocity oscillated about zero in a quasi-periodic manner with the same period but out of 
phase with the free-surface elevation. A basic flow net theory validates the horizontal and vertical 
velocity component redistributions in the water column since the free-surface is a streamline 
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(ROUSE 1938, MONTES and CHANSON 1998). 
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(A) Flow conditions: Q = 0.1017 m3/s, h = 0 m, Fr1 = 1.60–1.80 
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(B) Flow conditions: Q = 0.055 m3/s, h = 0 m, Fr1 = 1.53–1.57 
Fig. 5-1 - Time variations of ensemble-median longitudinal velocity at multiple transverse and 
vertical locations during positive surge passage 
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(A) Flow conditions: Q = 0.1017 m3/s, h = 0 mm, Fr1 = 1.60–1.80 
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(B) Flow conditions: Q = 0.055 m3/s, h = 0 mm, Fr1 = 1.53–1.57 
Fig. 5-2 - Time variations of ensemble-median transverse velocity at multiple locations across 
channel during positive surge passage 
 
Figure 5-1 also shows differences in the magnitude of longitudinal velocity within the water 
column. Close to the bed, the longitudinal and vertical velocity components were smaller in 
comparison to the measurements next to the free-surface. For the highest discharge and with a 
breaking surge, all data showed that the longitudinal velocity became negative close to the bed 
following the passage of the bore, albeit for a short time, as observed in Figure 5-1A. The finding 
was found to be consistent with previous laboratory studies in a rectangular channel (KOCH and 
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CHANSON 2009, CHANSON 2010, LENG and CHANSON 2016). For the discharge Q = 0.055 
m3/s, the longitudinal velocity remained positive even after the deceleration corresponding to the 
arrival of the surge, as highlighted in Figure 5-1B. The suppression of the transient flow reversal 
might be linked to some secondary motion induced by the transverse slope of the bed. 
The time-variations of transverse velocity component differed across the channel, as observed in 
Figure 5-2. For a given discharge, at y/W = 0.14, the transverse velocity component showed small 
oscillations about Vy/V1 = 0, while, at y/W = 0.43 the transverse velocity was negative, and 
oscillated about -0.05V1. The different behaviour might be induced by a combination of the 
transverse slope gravity effect and transverse and vertical momentum transfers across the channel. 
A different flow motion was observed for the smallest discharge (Q = 0.030 m3/s) corresponding to 
d1/D < 1. This is illustrated in Figure 5-3, showing the longitudinal velocity component during the 
passage of the surge at several transverse locations. Following the arrival of the surge in the deep-
water section, i.e. y/W < 0.64, a gradual deceleration down to Vx/V1 = 0 was observed, as 
previously reported for all larger discharges. For y/W > 0.64, the rapid longitudinal deceleration 
was stronger, and the longitudinal velocity Vx became negative, with transient negative velocities 
downs to -0.75V1 at y/W = 0.71 and -0.5V1 at y/W = 0.57 (Fig. 5-3). This pattern indicated a full 
flow reversal in the shallow section behind the positive surge, as well as a transient longitudinal 
shear zone about y/W  0.5-0.6. Such a location is marked with a blue dot in Figure 5-4. 
For d1/D < 1, the velocity measurements  were complemented by visual observations including 
video movies. Visualisations using dye injection (refer to Appendix F) showed drastically different 
flow motions across the channel cross-section. In the deep-water section, the flow motion remained 
downstream whereas, in the shallower section, there was a reversal in flow direction with upstream 
dye advection behind the surge, as shown in Figure 5-4. Figure 5-4 presents three successive 
photographs taken immediately behind the surge front; on the right, the dye plume continued to 
flow downstream after the surge, whereas the dye flowed upstream in the shallow-water section on 
the left. See also video movies in Appendix F. The present results were consistent with field 
observations. In many natural estuaries, the bore passage is associated with a strong flow reversal in 
the shallow sections (BAZIN 1865, KJERFVE and FERREIRA 1993). 
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Fig. 5-3 - Time variation of ensemble-median longitudinal velocity at multiple transverse locations 
during positive surge passage for an initially triangular cross-section (d1/D < 1) - Flow conditions: 
Q = 0.030 m3/s, h = 0 m, Fr1 = 1.60–1.69 
 
 
Fig. 5-4 - Longitudinal flow motion during the propagation of the positive surge for d1/D < 1 
highlighted using dye injection - Looking downstream, with surge propagation from background to 
foreground and shallow-water section on the left - Flow conditions: Fr1 = 1.64, Q = 0.030 m3/s and 
h = 0 m 
 
5.2 VELOCITY FLUCTUATIONS 
The instantaneous velocity fluctuation is a measure of turbulence and energy levels during the 
passage of the positive surge. The velocity fluctuations were quantified in terms of the difference 
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between the third and first quartiles V75-25 = V75 - V25 (1). Figures 5-5 and 5-6 show typical 
dimensionless fluctuations of longitudinal and transverse velocity components during the passage of 
the positive surge. 
The arrival of the positive surge was associated with a marked increase in fluctuations of all 
velocity components. Close to the bed, a marked peak in longitudinal velocity fluctuation was 
recorded, as seen in Figures 5-5. This peak generally occurred at the time for which the greatest rate 
of change in velocity was observed. Next to the free-surface, the velocity fluctuations showed a 
gradual increase following the passage of the bore but with a less clearly observable peak. A similar 
trend was observed for the vertical and transverse velocity fluctuations, but with lower magnitude, 
as illustrated in Figure 5-6. 
Across the channel width, the fluctuation in velocity components increased in magnitude towards 
the shallow-water section. For all results, the peak in velocity fluctuations occurred next the bed 
shortly after the passage of the bore front, rather than at the greatest rate of change in the free-
surface elevation. 
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(A) Flow conditions: Q = 0.1017 m3/s, h = 0 m, Fr1 = 1.67–1.80 
                                                 
1 For an ensemble with a Gaussian distribution the difference between the first and third quartiles would be 
equal to 1.3 times the standard deviation (SPIEGEL 1972). 
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(B) Flow conditions: Q = 0.055 m3/s, h = 0 m, Fr1 = 1.57–1.58. 
Fig. 5-5 - Time variation of longitudinal velocity fluctuation at multiple transverse and vertical 
locations (data offset vertically by +1.2 m/s) - Comparison with ensemble-median longitudinal 
velocity and water depth data 
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(A) Flow conditions: Q = 0.1017 m3/s, h = 0 m, Fr1 = 1.67–1.80 
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(B) Flow conditions: Q = 0.055 m3/s, h = 0 m, Fr1 = 1.57–1.58 
Fig. 5-6 - Time variation of ensemble-median transverse velocity fluctuation at multiple transverse 
and vertical locations (data offset vertically by +0.4 m/s) - Comparison with ensemble-median 
longitudinal velocity and water depth data 
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6. UNSTEADY TURBULENT REYNOLDS STRESSES 
6.1 PRESENTATION 
The Reynolds stress components characterise the stresses within the fluid resulting from turbulent 
motion. A turbulent Reynolds stress component ij is a function of the fluid density  times the 
cross-product of the velocity fluctuations: ij = vivj, with i,j = x, y, z. In unsteady rapidly-varied 
flows, the velocity fluctuation vi is the deviation between the measured instantaneous velocity Vi 
and the ensemble-median velocity iV : vi = Vi - iV  (BRADSHAW 1971). 
The normal Reynolds stress components, vxvx, vyvy, vzvz, and tangential Reynold stress 
components, vxvy, vzvy, vxvz, were calculated from the ensemble-average data 
(CHANSON and DOCHERTY 2012). Herein, the median (vivj)50 and fluctuation in the stress 
components (vivj)75-25 were analysed for each experimental flow condition. The full data sets 
are reported in Appendix G. 
 
6.2 TURBULENT STRESS MEASUREMENTS 
The passage of the positive surge had a marked impact on the turbulent Reynolds stresses. Figures 
6-1, 6-2 and 6-3 present typical time-variations of median and fluctuation of tangential vxvx and 
normal vxvy Reynolds stress components for three discharges. In Figures 6-1 to 6-3, (vivj)50/V1 is 
the dimensionless ensemble-median Reynolds stress component, (vivj)75-25/V1 is the Reynolds 
stress component fluctuation defined in terms of the inter-quartile range, d50/d1 is the dimensionless 
ensemble-median water elevation, y/W is the dimensionless transverse location, t(g/(A1/B1)0.5 is 
the dimensionless time and (z-zo) is the vertical elevation above the local bed. The Reynolds stress 
data for all flow conditions are presented in Appendix G. 
The arrival of the surge front was followed by a marked increase in all Reynolds stress components, 
for all flow conditions. The Reynolds stress magnitudes were larger close to the bed than next the 
free-surface. That is, there was a well-defined peak in the shear stress amplitude next to the bed, 
whereas closer to the surface, the stress components showed a more gradual increase. The shear 
stress fluctuations showed also large values next the bed, roughly corresponding to the median 
shear stress maxima. Close to the water surface, the fluctuations in shear stress also showed a more 
gradual increase, with a pattern similar to that observed for the median shear stress. Generally the 
trend was consistent with previous observations in positive surges propagating in rectangular 
channels (KOCH and CHANSON 2009, CHANSON 2010, CHANSON and DOCHERTY 2012, 
LENG and CHANSON 2016). 
Within the experimental flow conditions (Table 4-1), the measured median stresses and shear stress 
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fluctuations tended to increase with decreasing initial depth d1/D. This is seen by comparing Figures 
6-1, 6-2 and 6-3, corresponding respectively to Q = 0.10 m3/s, 0.055 m3/s and 0.030 m3/s. In 
comparison to the results for Q = 0.1017 m3/s (d1/D >1) and Q = 0.030 m3/s (d1/D < 1), the median 
Reynolds shear stress amplitude was nearly an order of magnitude larger for Q = 0.030 m3/s and 
d1/D < 1, after the bore passage. This derived from an increasing effect of the transverse slope, 
inducing complex secondary currents and flow patterns. Further, the magnitude of the Reynolds 
stresses and Reynolds stress fluctuations tended to be the largest about the channel centreline (y/W 
~ 0.5), likely caused by the complex redistribution in velocity across the channel, This was 
particularly evidenced for Q = 0.030 m3/s and d1/D < 1. The maximum median shear stresses and 
shear stress fluctuations about the channel centreline were nearly an order of magnitude larger than 
in the deep-water section (Fig. 6-3). 
 
6.3 DISCUSSION 
Overall, the present study in the asymmetrical trapezoidal channel showed significantly higher 
Reynolds stress levels, in comparison to previous studies in a rectangular channel (e.g. LENG and 
CHANSON 2015b,2016). This was an indication of higher turbulent shearing and mixing induced 
by the passage of the surge as a result of the asymmetrical bed topography. 
For d1/D < 1 and Q = 0.030 m3/s, both velocity and shear stress data showed the existence of a 
transient longitudinal x-z shear surface, about y/W  0.5-0.6, along which strong secondary motion 
and shear stress occurred behind the surge. This shear plane is illustrated in Figure 6-4 in red. The 
secondary motion was not unlike secondary motion in steady flows in compound channels 
(MACINTOSH 1990, SHIONO and KNIGHT 1991, KNIGHT 2013), albeit the present data 
showed that the secondary motion was transient and very intense. Large transverse velocity and 
velocity fluctuations were observed during and shortly after the surge passage (section 5). In the 
shear plane y/W  0.5-0.6, high Reynolds stress magnitudes and shear stress fluctuations were 
observed behind the surge. Quantitatively, shear stress amplitude |(vivj)50| in excess of 40 Pa 
and shear stress fluctuations (vivj)75-25 larger than 150 Pa were recorded in the laboratory model. 
Such values of median shear stress magnitudes were one to two orders of magnitude larger than 
boundary shear stress levels in steady flow conditions (Present study, section 3), as well as steady 
flow measurements in compound channels (e.g. MACINTOSH 1990). 
The present findings were obtained in a prismatic non-rectangular asymmetrical channel. They may 
further apply to positive surge propagation in prismatic symmetrical trapezoidal and triangular 
channels. Secondary motion down the side slope is likely to be observed behind positive surges, 
with intense shear stresses about mid-slope. 
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(B) y/W = 0.14, z-zo = 90 mm 
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(C) y/W = 0.5, z-zo = 20 mm 
Fig. 6-1 - Dimensionless time variations of Reynolds stress components vxvx/V12 and vxvy/V12, 
ensemble-median and fluctuations, at several transverse locations (fluctuation data offset by +0.01) 
- Flow conditions: Q = 0.1017 m3/s, h = 0 m, Fr1 = 1.60–1.80 
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(A) y/W = 0.14, z-zo = 20 mm 
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(B) y/W = 0.14, z-zo = 70 mm 
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(C) y/W = 0.43, z-zo = 20 mm 
Fig. 6-2 - Dimensionless time variations of Reynolds stress components vxvx/V12 and vxvy/V12, 
ensemble-median and fluctuations, at several transverse locations (fluctuation data offset by +0.01) 
- Flow conditions: Q = 0.055 m3/s, h = 0 m, Fr1 = 1.53–1.57 
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(A) y/W = 0.14, z-zo = 20 mm 
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(B) y/W = 0.5, z-zo = 24 mm 
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(C) y/W = 0.64, z-zo = 21 mm 
Fig. 6-3 - Dimensionless time variations of Reynolds stress components vxvx/V12 and vxvy/V12, 
ensemble-median and fluctuations, at several transverse locations (fluctuation data offset by +0.1) - 
Flow conditions: Q = 0.030 m3/s, h = 0 m, Fr1 = 1.61–1.65 - Note different vertical axis scales 
between Figures 6-3A, 6-3B and 6-3C 
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(A) Three-dimensional sketch of the positive surge and flow motion behind the surge front 
 
 
(B) Cross-sectional view 
Fig. 6-4 - Definition sketch of transient secondary motion during positive surge propagation in a 
prismatic compound channel (d1/D < 1) 
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7. CONCLUSION 
A laboratory investigation of positive surges was conducted in a prismatic asymmetrical channel, to 
better understand the physical processes observed in hydropower canals and tidal-bore affected 
estuaries with irregular topography. The physical model was based upon a geometric, Froude and 
Morton similitude of a trapezoidal channel. The trapezoidal channel was 0.7 m wide with a 1V:5H 
transverse slope across the full channel width. Detailed measurements were conducted at relatively 
high frequency using several acoustic displacement meters and acoustic Doppler velocimeters. The 
study focused on velocity and free-surface elevation measurements to characterise the unsteady 
three-dimensional flow and transverse mixing processes. Steady flow characterisation in the 
asymmetrical bed configuration indicated the presence of secondary motion and transverse 
momentum transfers from the shallow-water section to the deep-water section, in the initially-
steady flow (prior to the positive surge). For all flow conditions, the positive surge experiments 
were repeated 25 times and the data was ensemble-averaged to characterise the median value and 
fluctuation. 
The positive surge flow was a function of both the surge Froude number Fr1 and relative initial flow 
depth d1/D. The free-surface data presented markedly three-dimensional flow features. The velocity 
measurements showed a drastic impact of the surge on the flow field, with strong three-dimensional 
features in the asymmetrical channel. The surge passage induced a rapid flow deceleration and large 
and rapid fluctuations of all velocity components behind the surge front. While the present 
observations presented some similarity to earlier observations in rectangular channels, a key feature 
was the three-dimensional nature of the surge front in the asymmetrical non-rectangular channel. 
During the propagation of the positive surge, there were differences in the arrival time of the surge 
front, as the leading edge arrived first in the shallow-water section. This resulted in the formation of 
complicated three-dimensional mixing and surface scars behind the surge front. The experimental 
results showed a transient three-dimensional surge flow associated with some transverse mixing 
induced by unsteady secondary motion. 
The arrival of the surge front was associated with a strong deceleration at all transverse locations. 
For all flow conditions, the transverse velocity component became large in the shallow-water 
section, indicating some unsteady secondary motion and recirculation during and shortly after the 
passage of the surge. Fluctuations in all velocity components increased markedly following the 
arrival of the bore surge. A sizeable peak in velocity fluctuations was consistently observed in the 
lower water column. The Reynolds shear stress data showed that the arrival of the bore was 
associated with large turbulent stresses and shear stress fluctuations. For all flow conditions 
investigated, the measured median Reynolds stresses increased with decreasing initial depth. 
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For experiments conducted with d1/D < 1 and Q = 0.030 m3/s, both velocity and shear stress data 
showed a longitudinal x-z shear plane, about y/W  0.5-0.6, with conjugate transverse flow reversal 
observed for 0.5-0.6 < y/W < 1. This longitudinal shear plane behind the surge was characterised by 
strong secondary motion and shear stress magnitudes. While the secondary motion was not unlike 
secondary motion in steady flows in prismatic compound channels, the present results emphasised 
the transient nature and extreme intensity of the secondary motion. In the shear plane y/W  0.5-0.6, 
high Reynolds stress magnitudes and shear stress fluctuations were observed behind the surge front, 
up to one to two orders of magnitude larger than boundary shear stress levels observed in steady 
flows in compound channels. 
Overall the unsteady turbulent field presented marked differences compared to observations in 
rectangular channels. The findings imply that quantitative results obtained in rectangular channels 
might be not directly applicable to non-rectangular asymmetrical channels. For example, for 
rejection surge impact on the slide slopes of man-made trapezoidal channels; for tidal bore 
interactions next to the river banks in natural estuaries. In non-rectangular asymmetrical sections, 
strong transient secondary motion is to be expected, associated with higher turbulent shear stress 
levels. Further the findings may be directly relevant to surge propagation in man-made trapezoidal 
waterways and natural irregular-shaped channels in terms of numerical modelling. Classical depth-
averaged numerical models, e.g. based upon St Venant equations and Boussinesq equations, are 
inadequate to model the complicated three-dimensional turbulent motion beneath surges in irregular 
channels. A full three-dimensional computational fluid dynamics (3D CFD) model based upon the 
Navier-stokes equations is required, albeit a proper validation is critical and necessitates suitable, 
high-quality physical modelling data (LENG et al. 2017, LUBIN and CHANSON 2017). 
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APPENDIX A - PHOTOGRAPHS AND ILLUSTRATIONS OF THE 
EXPERIMENTAL FACILITY AND EXPERIMENTS 
 
 
(A) Cross-sectional shape viewed from the downstream end of the channel 
  
(B) Upstream transition section 
  
(C) Downstream transition section 
Fig. A-1 - Experimental flume details 
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Fig. A-2 - Three-dimensional sketch of the experimental channel and experimental setup, with initially steady flow direction from left to right - Top: 
intake structure and upstream end of flume; Bottom: downstream end of flume and Tainter gate 
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Fig. A-3 - Photographs of the downstream Tainter gate closure at x = 18.1 m with the ADM sensors 
installed upstream and downstream of the gate - Looking downstream - Time difference between 
(Top) and (Middle) being 0.25 s, and (Middle) and (Bottom) being 0.5 s - Initially steady flow in 
the foreground, flow conditions: Q = 0.030 m3/s, d1= 0.129 m, B1 = 0.64 m, A1 = 0.041 m2 
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Fig. A-4 - Photographs of the downstream Tainter gate closure (x = 18.1 m) taken at 0.25 s 
intervals, with the ADM sensors installed upstream and downstream of the gate - Looking 
downstream - Initially steady flow in the foreground, flow conditions: Q = 0.1017 m3/s, d1 = 0.209 
m, B1 = 0.7 m, A1 = 0.097 m2 
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Fig. A-5 - Details of instrumentation used for free-surface and velocity measurements: Prandtl-Pitot 
tube used for steady flow velocity measurements (Top Left), front view of the configuration of the 
ADM at x = 8.5 m and ADV Profiler at x = 8.6 m used for unsteady free-surface and velocity 
measurements (Top Right), and configuration of instruments at various transverse and longitudinal 
locations used for characterisation of the three-dimensional bore pattern (Bottom) 
 
A-6 
 
 
 
Fig. A-6 - Upstream propagation of the positive surge - Front view of the surge front and the initial 
steady flow conditions (Top), three-quarter view of the surge propagation (Middle) and side view of 
the surge propagation from the glass wall along the deep section (Bottom) - Flow conditions: Fr1 = 
1.68, Q = 0.1017 m3/s, h = 0 mm, d1 = 0.209 m - Note the high air bubble entrainment and quasi-
two dimensional surge roller features 
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Fig. A-7 - Upstream propagation of the positive surge - Front view of the bore front (Top), side 
view of the bore propagation from the glass wall along the deep section (Middle), and side view of 
the bore propagation from the glass wall along the shallow section (Bottom) - Flow conditions: Fr1 
~ 1.2-1.3, Q = 0.1017 m3/s, h = 0.067 m, d1= 0.209 m - Note the low air bubble entrainment and 
secondary oscillations observed along the deep section 
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Fig. A-8 - Upstream propagation of the surge - Front view of the bore front and the initial steady 
flow conditions (Top), inclined view of the bore propagation (Middle) and side view of the bore 
propagation from the glass wall along the deep section (Bottom) - Flow conditions: Fr1 = 1.68, Q = 
0.055 m3/s, h = 0 mm, d1 = 0.165 m - Note the three-dimensional bore features (undular with slight-
breaking in the deep section and fully breaking in the shallow section) and differences in arrival of 
the bore across the channel 
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Fig. A-9 - Upstream propagation of the surge - Front view of the bore front and the initial steady 
flow conditions (Top), side view of the bore propagation from the glass wall along the deep section 
(Middle) and front view following the passage of the bore looking upstream (Bottom) - Flow 
conditions: Fr1 = 1.66, Q = 0.0302 m3/s, h = 0 mm, d1 = 0.129 m - Note the strong three-dimensional 
features (undular in the deep section and fully breaking in the shallow section) and differences in 
arrival of the bore across the channel. 
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Fig. A-10 - Patterns following the passage of the surge, looking downstream - Free-surface scars 
and large-scale vortices (Top) and dye injections illustrating showing flow reversal in the shallow 
section and the development of a shear zone about the centreline (Bottom) - Flow conditions: Fr1 = 
1.66, Q = 0.0302 m3/s, h = 0 mm, d1 = 0.129 m 
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Fig. A-11 - Time series photographs taken at 0.25 s intervals of ADV Vectrino+ during sampling in 
the shallow section of the channel at the time of the passage of the positive surge - Note the top 
ADV receivers above water prior to the arrival of the bore - Flow conditions: Fr1 = 1.6, Q = 0.0302 
m3/s, h = 0 mm, d1 = 0.129 m 
 
A-12 
 
 
Fig. A-12 - Upstream propagation of breaking surge - Looking downstream at the incoming roller 
with 0.12 s between two photographs - Flow conditions: Fr1 = 1.7, Q = 0.100 m3/s, h = 0 mm, d1 = 
0.206 m 
A-13 
 
 
 
Fig. A-13 - Upstream propagation of a three-dimensional surge - Looking downstream at the 
incoming roller with 0.24 s between two photographs - Flow conditions: Fr1 = 1.3, Q = 0.055 m3/s, 
h = 30 mm, d1 = 0.164 m - Note the ADV stem close to the right sidewall 
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Fig. A-14 - Upstream propagation of a three-dimensional surge - Looking downstream at the 
incoming roller with 0.24 s between two photographs (from left to right, top to bottom) - Flow 
conditions: Fr1 = 1.6, Q = 0.030 m3/s, h = 0 mm, d1 = 0.13 m - Note the ADV stem close to the right 
sidewall 
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Fig. A-15 - ADV Vectrino+ sampling in shallow waters (y = 0.450 m) prior to the positive surge 
passage - Left: looking upstream; Right: looking downstream - Arrow point to the steady flow 
direction 
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APPENDIX B - STEADY FLOW CHARACTERISATION IN A NON-
RECTANGULAR ASYMMETRICAL CHANNEL 
B.1 PRESENTATION 
Steady flow experiments were conducted in the Advanced Engineering Building, University of 
Queensland in the 19 m long, 0.7 m wide flume equipped with a 1V:5H transverse bed slope made 
of smooth PVC. The trapezoidal channel was characterised through steady flow experiments for a 
range of flow conditions, summarised in Table C-1. Measurements included free-surface 
measurements, velocity profiles and determining shear stresses at various transverse locations the 
location of the unsteady flow measurements (x = 8.6 m). The bed slope So was set at So = 0.002216 
for all experiments. 
 
Table B-1. Summary of steady flow experiments 
 
So Q 
(m3/s) 
Re d 
(m) 
B 
(m) 
A 
(m2) 
V 
(m/s) 
f 
0.002216 0.015 1.00105 0.098 0.49 0.024 0.625 0.018 
 0.050 2.29105 0.158 0.70 0.062 0.821 0.018 
 0.101 4.09105 0.209 0.70 0.097 1.045 0.016 
 
Notes: f: Darcy-Weisbach friction factor; Re: steady flow Reynolds number defined in terms of the 
hydraulic diameter; Flow properties measured at x = 8.6 m. 
 
For So= 0.002216, the open channel flow was uniform-equilibrium for all investigated flow 
conditions. The free-surface elevation measurements were recorded using rail mounted pointer 
gauges with an accuracy of 0.001 m. Velocity measurements were conducted using a combination 
of Dwyer ® 166 Series Prandtl-Pitot tube (Ø = 3.18 mm) and a NortekTM acoustic Doppler 
velocimeter (ADV) Vectrino II Profiler (Serial number P27338, Hardware ID VNO 1366). Steady 
flow ADV data were post-processed with the Matlab program VTMT version 1.1 (BECKER 2014), 
to remove communication errors, average signal to noise ratio less than 5 dB and correlation values 
less than 60%. The Reynolds stresses (ij) were derived from the velocity fluctuation data: ij = 
vivj with i,j = x, y, z. The boundary shear stress along the wetted perimeter was adeduced from 
the calibration of boundary velocity measurements using the Prandtl-Pitot tube (CABONCE et al. 
2017). 
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Notation 
B free-surface width (m); 
D maximum channel bed elevation (m) on the trapezoidal channel: D = 0.140 m; 
d initial steady flow water depth (m) measured at x = 8.6 m; 
f dimensionless boundary shear stress, expressed as a Darcy-Weisbach friction factor; 
Q water discharge (m3/s); 
V cross-sectional averaged velocity (m/s); 
Vx longitudinal velocity (m/s); 
Vy transverse velocity (m/s); 
Vz vertical velocity (m/s); 
vx fluctuations in longitudinal velocity (m/s); 
vy fluctuations in transverse velocity (m/s); 
vz fluctuations in vertical velocity (m/s); 
vivj Reynolds shear stress component (m2/s2); 
x distance measured from the upstream end (m); 
y distance measured across the channel from the glass sidewall alongside the deepest point in 
the trapezoidal cross section (m); 
z distance measured above the lowest point in the cross section (m); 
 
Abbreviations 
ADM acoustic displacement meter used for instantaneous free-surface measurements; 
ADV acoustic Doppler velocimeter used for instantaneous velocity measurements. 
B-3 
 
 
 
Fig. B-1 Longitudinal velocity contour plot at x = 8.6 m, obtained from Pitot-tube measurements - 
Legend: Vx in m/s - Flow conditions as annotated - Note, the asymmetrical distribution in the 
velocity observed as a result of the transverse momentum transfer 
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Fig. B-2 - Vertical distributions of velocity and velocity fluctuations obtained from ADV Profiler 
measurements at various transverse locations - Flow conditions as annotated 
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Fig. B-3 - Vertical distributions of velocity and velocity fluctuations obtained from ADV Profiler 
and Prandtl-Pitot tube measurements at various transverse locations - Flow conditions as annotated 
- Note the close agreement between ADV and Pitot-tube measurements.  
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Fig. B-4 - Vertical distributions of velocity and velocity fluctuations obtained from ADV Profiler 
and Prandtl-Pitot tube measurements at various transverse locations - Flow conditions as annotated 
- Note the close agreement between ADV and Pitot-tube measurements and the dip in velocity 
observed in the deep section of the channel, caused by the secondary transverse motion 
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Fig, B-5 - Contour plot of Reynolds shear stress component vxvx for ADV Profiler measurements - Discharges as annotated, Legend in m2/s2 
 
 
Fig. B-6 - Contour plot of Reynolds shear stress component vxvyfor ADV Profiler measurements for discharges as annotated, Legend in m2/s2 
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Fig. B-7 - Contour plot of Reynolds shear stress component vyvy for ADV Profiler measurements - Discharges as annotated, Legend in m2/s2 
 
 
Fig. B-8 - Contour plot of Reynolds shear stress component vzvy for ADV Profiler measurements - Discharges as annotated, Legend in m2/s2 
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Fig. B-9 - Contour plot of Reynolds shear stress component vzvz for ADV Profiler measurements - Discharges as annotated, Legend in m2/s2 
 
 
Fig. B-10 - Contour plot of Reynolds shear stress component vxvz for ADV Profiler measurements - Discharges as annotated, Legend in m2/s2 
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APPENDIX C - ENSEMBLE-AVERAGED FREE-SURFACE 
OBSERVATIONS OF POSITIVE SURGES 
Unsteady flow experiments were conducted, aiming to characterise the changes free-surface profile 
from the passage of the bore. This included experiments at multiple flow rates and gate opening. 
The bore features observed have been summarised in Table C-1.  Unsteady flow free-surface water 
elevations were measured using acoustic displacement meters (ADM) MicrosonicTM Mic 
+25/IU/TC and MicrosonicTM Mic +35/IU/TC installed over the channel. The three-dimensional 
bore flow patterns were characterised by eight ADMs, including two ADMs along the centreline 
and x = 6.96 m and x = 9.96 m, and six ADMs installed evenly in the transverse location (y = 0.100 
m, 0.200 m, 0.300 m, 0.400 m, 0.500 m and 0.600 m) at x = 8.5 m. Each ADM was calibrated 
against water depths measured using a rail mounted pointer gauge. For each unsteady experiment, 
the free-surface elevation measurements were taken at 100 Hz. 
Each positive surge experiment was repeated 25 times, and the results were ensemble-averaged to 
obtain the median value d50 and fluctuations, calculated from the interquartile range, d75-25 = d75 - 
d25, with the subscript XX corresponding to the XX% percentile. The difference between the first 
and third quartiles would be equal to 1.3 times the standard deviation for a data set randomly 
distributed about the mean value (SPIEGEL 1972). 
 
Notation 
A channel cross-section area (m2); 
A1 initial channel cross-section area (m2) immediately prior to the tidal bore passage 
measured at x = 8.5 m; 
A2 channel cross-section area (m2) immediately after to the tidal bore passage measured at 
x = 8.5 m;; 
B characteristic free-surface width (m) defined by Equation (1-2); 
B' characteristic free-surface width (m) defined by Equation (1-3); 
B1 initial free-surface width (m) immediately prior to the tidal bore passage; 
D maximum channel bed elevation on the trapezoidal channel (D = 0.140m); 
d water depth (m) measured from the lowest point in the channel bed (i.e. next to right 
sidewall); 
d1 initial steady flow water depth (m) measured at x = 8.5 m; 
Fr1 bore Froude number defined as (V1+U)/(gA1/B1)1/2 for an asymmetrical channel; 
h Tainter gate opening after rapid closure (m); 
Q water discharge (m3/s); 
U celerity of the bore (m/s) positive upstream; 
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V1 initial steady flow velocity (m/s) at x = 8.5 m 
x distance measured from the upstream end (m); 
y distance measured across the channel from the glass sidewall alongside the deepest 
point in the trapezoidal cross section (m); 
z distance measured above the lowest point in the cross section (m); 
 
Subscripts 
1 initial flow conditions; 
50 Ensemble-averaged median; 
75-25 Ensemble-averaged difference between the first and third quartiles; 
 
Abbreviation 
ADM acoustic displacement meter used for instantaneous free-surface measurements; 
ADV acoustic Doppler velocimeter used for instantaneous velocity measurements. 
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Table C-1 - Free-surface features of positive surges in a non-rectangular asymmetrical channel 
 
Instrument(s) No. of 
Runs 
Q  
(m3/s) 
h 
(mm) 
Re 
105 
Fr1 V1 
(m/s) 
U 
(m/s) 
d1 
(m) 
A1 
(m2) 
B1 
(m) 
d2 
(m) 
A2 
(m2) 
B2 
(m) 
B 
(m) 
B' 
(m) 
Δd 
(m) 
ΔA 
(m2) 
A2/A1 B1/B B'/B A1/B1 
ADMs 5 0.0301 0 1.52 1.61 0.72 0.56 0.130 0.042 0.648 0.155 0.060 0.7 0.689 0.690 0.025 0.018 1.419 0.940 1.001 0.065 
ADMs 5 0.0301 16 1.52 1.38 0.72 0.38 0.130 0.042 0.648 0.149 0.055 0.7 0.686 0.680 0.019 0.013 1.311 0.945 0.991 0.065 
ADMs/ADV 
Profiler 
25 0.0303 0 1.54 1.60 0.72 0.55 0.129 0.042 0.647 0.151 0.057 0.7 0.687 0.683 0.022 0.015 1.356 0.941 0.994 0.065 
ADMs/ADV 
Profiler 
25 0.0302 0 1.54 1.61 0.73 0.55 0.129 0.041 0.643 0.151 0.057 0.7 0.686 0.681 0.023 0.016 1.378 0.938 0.993 0.064 
ADMs/ADV 
Profiler 
25 0.0302 0 1.54 1.61 0.73 0.55 0.129 0.041 0.644 0.150 0.056 0.7 0.685 0.679 0.021 0.015 1.353 0.939 0.991 0.064 
ADMs/ADV 
Profiler 
25 0.0301 0 1.54 1.65 0.73 0.57 0.128 0.041 0.641 0.149 0.055 0.7 0.683 0.676 0.021 0.014 1.348 0.938 0.989 0.064 
ADMs/ADV 
Vectrino+ 
25 0.0301 0 1.53 1.64 0.73 0.57 0.129 0.041 0.644 0.151 0.057 0.7 0.686 0.680 0.022 0.015 1.364 0.939 0.992 0.064 
ADMs/ADV 
Vectrino+ 
25 0.0301 0 1.54 1.65 0.74 0.57 0.128 0.041 0.640 0.149 0.056 0.7 0.683 0.676 0.021 0.015 1.358 0.937 0.989 0.064 
ADMs/ADV 
Vectrino+ 
25 0.0302 0 1.56 1.65 0.75 0.56 0.127 0.040 0.636 0.152 0.058 0.7 0.684 0.678 0.025 0.017 1.424 0.930 0.992 0.064 
ADMs/ADV 
Vectrino+ 
25 0.0298 0 1.52 1.64 0.72 0.58 0.129 0.041 0.643 0.149 0.055 0.7 0.684 0.676 0.020 0.014 1.334 0.940 0.989 0.064 
ADMs/ADV 
Vectrino+ 
25 0.0302 0 1.54 1.63 0.73 0.56 0.128 0.041 0.642 0.152 0.058 0.7 0.686 0.682 0.024 0.017 1.401 0.936 0.994 0.064 
ADMs/ADV 
Vectrino+ 
25 0.0297 0 1.53 1.68 0.73 0.59 0.127 0.040 0.636 0.149 0.055 0.7 0.681 0.672 0.021 0.015 1.360 0.934 0.987 0.064 
ADMs/ADV 
Vectrino+ 
25 0.0298 0 1.53 1.63 0.73 0.56 0.128 0.041 0.640 0.151 0.057 0.7 0.684 0.678 0.023 0.016 1.381 0.935 0.991 0.064 
ADMs/ADV 
Vectrino+ 
25 0.0295 0 1.52 1.62 0.73 0.55 0.127 0.040 0.635 0.150 0.056 0.7 0.682 0.674 0.023 0.016 1.396 0.931 0.989 0.064 
ADMs 5 0.0503 0 2.27 1.64 0.84 0.66 0.156 0.060 0.700 0.203 0.093 0.7 0.700 0.700 0.048 0.034 1.561 1.000 1.000 0.086 
ADMs 10 0.0546 0 2.44 1.58 0.86 0.64 0.161 0.064 0.700 0.230 0.112 0.7 0.700 0.700 0.068 0.048 1.751 1.000 1.000 0.091 
ADMs/ADV 
Profiler 
25 0.0553 0 2.44 1.56 0.82 0.68 0.166 0.067 0.700 0.232 0.113 0.7 0.700 0.700 0.066 0.046 1.692 1.000 1.000 0.096 
ADMs/ADV 
Profiler 
25 0.0554 0 2.46 1.58 0.85 0.67 0.164 0.065 0.700 0.229 0.112 0.7 0.700 0.700 0.066 0.046 1.704 1.000 1.000 0.094 
ADMs/ADV 
Profiler 
25 0.0553 0 2.44 1.53 0.82 0.66 0.166 0.067 0.700 0.246 0.123 0.7 0.700 0.700 0.080 0.056 1.838 1.000 1.000 0.096 
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ADMs/ADV 
Profiler 
25 0.0554 0 2.46 1.58 0.84 0.67 0.164 0.066 0.700 0.229 0.112 0.7 0.700 0.700 0.066 0.046 1.700 1.000 1.000 0.094 
ADMs/ADV 
Profiler 
25 0.0548 0 2.43 1.55 0.83 0.67 0.165 0.066 0.700 0.228 0.111 0.7 0.700 0.700 0.064 0.045 1.674 1.000 1.000 0.095 
ADMs/ADV 
Profiler 
25 0.0548 0 2.43 1.57 0.84 0.67 0.164 0.066 0.700 0.227 0.110 0.7 0.700 0.700 0.063 0.044 1.673 1.000 1.000 0.094 
ADMs/ADV 
Profiler 
25 0.0547 32 2.42 1.30 0.81 0.45 0.166 0.067 0.700 0.208 0.096 0.7 0.700 0.700 0.042 0.029 1.434 1.000 1.000 0.096 
ADMs/ADV 
Profiler 
25 0.0547 32 2.42 1.33 0.83 0.45 0.164 0.066 0.700 0.208 0.096 0.7 0.700 0.700 0.044 0.030 1.461 1.000 1.000 0.094 
ADMs/ADV 
Profiler 
25 0.0546 32 2.42 1.31 0.82 0.44 0.165 0.067 0.700 0.207 0.096 0.7 0.700 0.700 0.042 0.029 1.438 1.000 1.000 0.095 
ADMs/ADV 
Profiler 
25 0.0547 32 2.43 1.34 0.83 0.46 0.164 0.066 0.700 0.208 0.097 0.7 0.700 0.700 0.044 0.031 1.471 1.000 1.000 0.094 
ADMs/ADV 
Profiler 
25 0.0547 32 2.42 1.32 0.83 0.44 0.165 0.066 0.700 0.208 0.097 0.7 0.700 0.700 0.043 0.030 1.459 1.000 1.000 0.095 
ADMs/ADV 
Profiler 
25 0.0550 32 2.44 1.33 0.83 0.45 0.165 0.066 0.700 0.209 0.097 0.7 0.700 0.700 0.044 0.031 1.469 1.000 1.000 0.095 
ADMs 5 0.1017 0 4.12 1.66 1.07 0.85 0.206 0.095 0.700 0.339 0.188 0.7 0.700 0.700 0.132 0.093 1.971 1.000 1.000 0.136 
ADMs 5 0.1017 55 4.12 1.30 1.06 0.45 0.207 0.096 0.700 0.297 0.159 0.7 0.700 0.700 0.090 0.063 1.657 1.000 1.000 0.137 
ADMs/ADV 
Profiler 
25 0.1017 0 4.07 1.81 1.02 1.12 0.213 0.100 0.700 0.336 0.186 0.7 0.700 0.700 0.124 0.087 1.869 1.000 1.000 0.143 
ADMs/ADV 
Profiler 
25 0.1017 0 4.10 1.77 1.04 1.03 0.209 0.098 0.700 0.339 0.188 0.7 0.700 0.700 0.129 0.090 1.928 1.000 1.000 0.139 
ADMs/ADV 
Profiler 
25 0.1017 0 4.09 1.60 1.03 0.84 0.211 0.098 0.700 0.338 0.188 0.7 0.700 0.700 0.128 0.089 1.909 1.000 1.000 0.141 
ADMs/ADV 
Profiler 
25 0.1017 0 4.10 1.67 1.04 0.92 0.210 0.098 0.700 0.337 0.187 0.7 0.700 0.700 0.128 0.089 1.915 1.000 1.000 0.140 
 
Note: So=0.002216 for all experiments. 
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Fig. C-1 - Ensemble-averaged median free-surface elevation (Top) and fluctuation in free-surface 
obtained from the ensemble-averaged data (Bottom), measurements taken using ADMs - Flow 
conditions: Fr1 = 1.66, Q = 0.030 m3/s, h = 0 mm 
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Fig. C-2 - Ensemble-averaged median free-surface elevation (Top) and fluctuation in free-surface 
obtained from the ensemble-averaged data (Bottom), measurements taken using ADMs - Flow 
conditions: Fr1 = 1.63, Q = 0.1017 m3/s, h=0 mm.  
 
 
 
Fig. C-3 - Ensemble-averaged median free-surface elevation (Top) and fluctuation in free-surface 
obtained from the ensemble-averaged data (Bottom), measurements taken using ADMs - Flow 
conditions: Fr1 = 1.58, Q = 0.055 m3/s, h = 0 mm.  
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Fig. C-4 - Ensemble-averaged median free-surface elevation (Top) and fluctuation in free-surface 
obtained from the ensemble-averaged data (Bottom), measurements taken using ADMs - Flow 
conditions Fr1 = 1.31, Q = 0.055 m3/s, h = 32 mm.  
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APPENDIX D - APPLICATION OF THE MOMENTUM EQUATIONS TO 
BORES, SURGES AND JUMPS IN NON-RECTANGULAR CHANNELS (BY 
H. CHANSON) 
D.1 PRESENTATION 
A positive surge is defined as a sudden rise in free-surface elevation and it constitutes a 
discontinuity of the pressure and velocity fields. In the system of reference following the surge, the 
integral form of the continuity and momentum equations gives a series of relationships between the 
conjugate flow properties, i.e. in front of and behind the surge front (HENDERSON 1966, 
LIGGETT 1994): 
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where V is the flow velocity and U is the surge celerity for an observer standing on the bank,  is 
the water density, g is the gravity acceleration, A is the channel cross-sectional area measured 
perpendicular to the main flow direction,  is a momentum correction coefficient, P is the pressure, 
Ffric is the flow resistance force, Wf is the weight force,  is the angle between the bed slope and 
horizontal, and the subscripts 1 and 2 refer respectively to the initial flow conditions and the flow 
conditions immediately after the tidal bore. Note that Equations (D-1) and (D-2), as well as the 
following equations, were developed for a positive surge propagating upstream. A similar reasoning 
may be expanded for a positive surge travelling downstream. 
The continuity and momentum equations provide some analytical solutions within some basic 
assumptions. Neglect the flow resistance and the effect of the velocity distribution (1 = 2 = 1) and 
assuming a horizontal channel (sin  0), the momentum equation (D-2) becomes: 
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Assuming a hydrostatic pressure distribution in front of and behind the positive surge, the net 
pressure force resultant consists of the increase of pressure ×g×(d2-d1) applied to the initial flow 
cross-section area A1 plus the pressure force on the cross-section area A = A2 - A1. This latter term 
equals: 
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where z is the distance normal to the bed, d1 and d2 are the flow depths in front of and behind the 
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surge, and B' is a characteristic free-surface width. It may be noted that B1 < B' < B2 where B1 and 
B2 are the upstream and downstream free-surface widths. Another characteristic free-surface width 
B is defined as: 
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The continuity equation (D-1) may be expressed as: 
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The combination of the equations of conservation of mass and momentum yields: 
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After transformation, Equation (D-7) may be rewritten as: 
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where Fr1 is the surge Froude number defined as: 
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Equation (D-10) defines the surge Froude number for an irregular channel based upon momentum 
considerations. 
Equation (D-9) gives an analytical solution of the surge Froude number as a function of the ratios of 
cross-sectional areas A2/A1, and dimensionless characteristic widths B'/B and B1/B. Equation (D-9) 
may be rewritten to express the ratio of conjugate cross-section areas A2/A1 as a function of the 
upstream Froude number: 
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which is valid for any positive in an irregular flat channel. The effects of channel cross-sectional 
shape are taken into account through the ratios B'/B and B1/B. 
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Discussion 
In some particular situations, the cross-sectional shape satisfies the approximation B2  B  B'  B1: 
for example, a channel cross-sectional shape with parallel walls next to the waterline or a 
rectangular channel. A well-know solution of the momentum equation is the Bélanger equation 
developed for a rectangular horizontal prismatic channel in absence of friction: 
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D.2 APPLICATION TO A COMPOUND RECTANGULAR CHANNEL 
Considering a positive surge propagating upstream in a compound channel (Fig. D-1), the initially-
steady flow is assumed to be constrained within the main channel (d1 < D) and the conjugate water 
surface overtop the side plain. The analytical solutions of the characteristic widths B and B' are: 
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where all symbols are defined in Figure D-1. This configuration was experimentally investigated by 
PAN and CHANSON (2015). 
 
 
Fig. D-1 - Positive surge propagation in a compound rectangular channel 
 
D.2 APPLICATION TO AN ASYMMETRICAL NON-RECTANGULAR CHANNEL 
D.2.1 Presentation 
In the present study, the propagation of positive surges was investigated in an asymmetrical non-
rectangular channel (Fig. D-2). The initial flow cross-section area and free-surface width are: 
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where -1 is transverse slope of the bed(Fig. D-2). 
For this geometry, three boundary conditions may occur depending upon the initial and new 
(conjugate) flow depths: (a) d1 < d2 < D, (b) d1 < D < d2, and (c) D < d1 < d2. The last case, D < d1 < 
d2, is trivial, yielding B1 = B = B' = B2. 
 
 
Fig. D-2 - Positive surge propagation in a non-rectangular asymmetrical channel 
 
D.2.2 Case d1 < d2 < D 
The analytical solutions of the characteristic widths B and B' are: 
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D.2.3 Case d1 < D < d2 
The analytical solutions of the characteristic widths B and B' are: 
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APPENDIX E - UNSTEADY ENSEMBLE-AVERAGED VELOCITY 
MEASUREMENTS 
Unsteady flow experiments were conducted to characterise the unsteady velocity field during the 
passage of the positive surge. Experiments were conducted at various vertical and transverse 
locations along the cross section (x = 8.6 m) for a range of flow conditions. The surge properties are 
summarised in Table C-1. 
Unsteady velocity measurements were conducted using a NortekTM acoustic Doppler velocimeter 
(ADV) Vectrino II Profiler (Serial number P27338, Hardware ID VNO 1366) and NortekTM 
acoustic Doppler velocimeter (ADV) Vectrino+ (Serial No. VNO 0436). The ADV Profiler was 
equipped with a three-dimensional down-looking head, capable of taking simultaneous velocity 
measurements in a 30 mm profiling range at 1 mm increments (1). The ADV Vectrino+ was 
equipped with a side-looking head and recorded velocity measurements at a single point. The ADV 
mount was installed at x = 8.6 m. For each experiment, the velocity measurements were sampled at 
100 Hz for the ADV Profiler and at 200 Hz for the ADV Vectrino+. The acoustic displacement 
meter (ADM) sensors and ADV unit were synchronised and sampled simultaneously within ±1 ms. 
Each experiment was repeated 25 times, and the results were ensemble-averaged to obtain the 
instantaneous median value V50 and velocity fluctuations, calculated as the inter-quartile ranges 
V75-25. Herein, the difference between the first and third quartilesV75-25 would be equal to 1.3 times 
the standard deviation for a Gaussian distribution of the data sample about the mean (SPIEGEL 
1972). The present appendix details the velocity measurements. 
It should be noted that, during ADV Vectrino+ measurements in shallow-water sections, the top 
receivers were above the water surface prior to the arrival of the bore. In this situation, the vertical 
velocity component data were omitted in a number of graphs. Refer to Appendix A for further 
illustrations (e.g. Fig. A-11 & A-15). 
 
Notation 
D maximum transverse bed elevation (m) between left and right sidewalls: D = 0.140 m; 
d water depth (m) measured from the lowest point in the channel bed; 
d1 initial water depth (m) immediately prior to the tidal bore passage; 
Fr1 surge Froude number defined as (V1+U)/(gA1/B1)1/2 for an asymmetrical channel; 
h Tainter gate opening after rapid closure (m); 
Q water discharge (m3/s); 
                                                 
1 The physical experiments were conducted in 2017, after a manufacturer's re-calibration in January 2017. 
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U celerity of the surge (m/s) positive upstream; 
Vx longitudinal velocity component (m/s); 
Vy transverse velocity component (m/s); 
Vz vertical velocity component (m/s); 
V1 initial steady flow velocity (m/s) at x = 8.6 m; 
x longitudinal distance measured from the upstream end (m); 
y transverse distance measured across the channel from the right glass sidewall alongside 
the deepest point in the trapezoidal cross section (m); 
z vertical distance measured above the lowest point in the cross section (mm); 
 
Subscripts 
50 ensemble-averaged median; 
75-25 ensemble-averaged difference between the first and third quartiles; 
 
Abbreviation 
ADM acoustic displacement meter used for instantaneous free-surface measurements; 
ADV acoustic Doppler velocimeter used for instantaneous velocity measurements. 
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Fig. E-1 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y=100 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.80, Q = 0.1017 m3/s, h = 0 mm 
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Fig. E-2 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 100 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.77, Q = 0.1017 m3/s, h = 0 mm 
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Fig. E-3 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 350 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.60, Q = 0.1017 m3/s, h = 0 mm 
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Fig. E-4 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 400 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.67, Q = 0.1017 m3/s, h = 0 mm 
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Fig. E-5 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 50 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.56, Q = 0.055 m3/s, h = 0 mm 
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Fig. E-6 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 100 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.53, Q = 0.055 m3/s, h = 0 mm 
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Fig. E-7 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 100 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.58, Q = 0.055 m3/s, h = 0 mm 
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Fig. E-8 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 200 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.57, Q = 0.055 m3/s, h = 0 mm 
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Fig. E-9 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 300 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.57, Q = 0.055 m3/s, h = 0 mm 
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Fig. E-10 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 50 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions Fr1  = 1.30, Q = 0.055 m3/s, h = 32 mm 
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Fig. E-11 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 100 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.31, Q = 0.055 m3/s, h = 32 mm 
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Fig. E-12 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 100 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.34, Q = 0.055 m3/s, h = 32 mm 
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Fig. E-13 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 200 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.32, Q = 0.055 m3/s, h = 32 mm 
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Fig. E-14 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 300 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.33, Q = 0.055 m3/s, h = 32 mm 
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Fig. E-15 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 50 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.60, Q = 0.030 m3/s, h = 0 mm 
 
E-18 
   
Fig. E-16 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 100 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.61, Q = 0.030 m3/s, h = 0 mm 
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Fig. E-17 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 100 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1= 1.61, Q=0.030 m3/s, h=0 mm 
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Fig. E-18 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 200 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.65, Q = 0.030 m3/s, h = 0 mm 
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Fig. E-19 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 350 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.64–1.65, Q = 0.030 m3/s, h = 0 mm 
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Fig. E-20 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 400 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.64, Q = 0.030 m3/s, h = 0 mm 
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Fig. E-21 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 450 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.63–1.67, Q = 0.030 m3/s, h = 0 mm 
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Fig. E-22 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 500 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.63, Q = 0.030 m3/s, h = 0 mm 
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Fig. E-23 - Ensemble-average median velocity component and velocity component fluctuations at transverse location y = 550 mm, and vertical 
elevations as shown (Vx, Vy, Vz fluctuation offset by 0.3, 0.5, 0.175 m/s respectively) - Longitudinal velocity component (Left), transverse velocity 
component (Middle) and vertical velocity component (Right) - Flow conditions: Fr1 = 1.62, Q = 0.030 m3/s, h=0 mm 
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APPENDIX F - MOVIES OF POSITIVE SURGE EXPERIMENTS IN A NON-
RECTANGULAR ASYMMETRICAL CHANNEL (DIGITAL APPENDIX) 
F.1 PRESENTATION 
Visual observations of the positive surge experiments were carried out for a wide range of flow 
conditions in a 19 m long 0.7 m wide rectangular flume with smooth PVC bed and 0.52 m high 
glass sidewalls. The 19 m long flume included the installation of a 1V:5H transverse slope, made 
out of PVC. Video movies were recorded using a digital camera PentaxTM K-3 (50 fps, resolution: 
1980p×1080p) and a digital camera CasioTM Exilim Ex10 (30 fps, resolution: 1980p×1080p; 120 
fps, resolution: 640p×480p). This Appendix describes the video movies.  
All the movies are Copyrights Urvisha KIRI, Xinqian LENG and Hubert CHANSON 2018. 
 
F.2 LIST OF DIGITAL VIDEO MOVIES 
 
Filename Camera Description 
IMGP4248.mov PentaxTM K-3 with 
lens Carl Zeiss 
28mm f2 
Frame rate: 50 fps 
Positive surge generation induced by the rapid 
Tainter gate closure. Gate closure sequence (h = 0). 
Flow conditions: Q = 0.032 m3/s, So = 0, h = 0 m 
Movie duration: 5 s 
Video_9.mov CasioTM Exilim 
Ex10 
Frame rate: 120 
fps 
Breaking surge propagation at x = 8.6 m. 
Flow conditions: Q = 0.10 m3/s, Fr1 = 1.5-1.7 
Movie duration: 21 s (replay) 
Movie replayed at 30 fps - the 120 fps movie is 
replayed at 25% normal speed 
CIMG2384.MOV CasioTM Exilim 
Ex10 
Frame rate: 30 fps 
Three-dimensional surge propagation at x = 8.6 m, 
viewed through the right sidewall. 
Flow conditions: Q = 0.03 m3/s 
Movie duration: 3 s 
CIMG3467.MOV CasioTM Exilim 
Ex10 
Frame rate: 30 fps 
Three-dimensional surge propagation with dye 
injection 
Flow conditions: Q = 0.032 m3/s, So = 0.002216, 
Fr1 = 1.6-1.7, d1/D = 0.93 
Movie duration: 23 s 
CIMG3470.MOV CasioTM Exilim 
Ex10 
Frame rate: 30 fps 
Three-dimensional surge propagation with dye 
injection 
Flow conditions: Q = 0.032 m3/s, So = 0.002216, 
Fr1 = 1.6-1.7, d1/D = 0.93 
Movie duration: 113 s 
 
F.3 MOVIE FILES 
The movies files of Appendix F are available in the institutional open access repository of the 
University of Queensland (Brisbane, Australia) and they are deposited at UQeSpace 
F-2 
{http://espace.library.uq.edu.au/}. The digital video files are a series of digital movies. The 
deposited movie files (Section F.2) were converted to Flash video for video streaming. At request, 
the authors might provide the original movies as a single compressed file. 
The copyrights of the movies remain the property of Urvisha KIRI, Xinqiang LENG and Hubert 
CHANSON. In addition of written permission, any use of the movies available in the digital 
appendix must acknowledge and cite the present report: 
KIRI, U., LENG, X., and CHANSON, H. (2018). "Positive Surge Propagation in a Non-
Rectangular Asymmetrical Channel." Hydraulic Model Report No. CH110/18, School of Civil 
Engineering, The University of Queensland, Brisbane, Australia, 159 pages and 2 digital 
appendices incl. 5 movies (ISBN 978-1-74272-196-5). 
Further details on the report including the digital appendix may be obtained from Professor Hubert 
CHANSON {h.chanson@uq.edu.au}. 
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APPENDIX G - UNSTEADY TURBULENT REYNOLDS STRESSES 
G.1 PRESENTATION 
The propagation of the positive surge had a marked impact on the turbulent Reynolds stress 
distributions. This appendix outlines the ensemble-averaged turbulent Reynolds stresses data at 
various transverse and vertical locations for all the flow conditions. Here, the Reynolds stress 
components characterises the stresses within the fluid resulting from turbulent motions. A turbulent 
stress ij is a function of the fluid density  and the cross-product of the velocity fluctuations, such 
that ij = vivj, where i,j = x, y, z. In rapidly varied flow, the instantaneous velocity fluctuation vi 
is the deviation of the instantaneous velocity data Vi and the instantaneous ensemble-median 
velocity iV  (BRADSHAW 1971, PIQUET 1999, CHANSON and DOCHERTY 2012). 
The normal stress components, vxvx, vyvy, vzvz and tangential stress components vxvy, vzvy, vxvz 
were calculated from the ensemble-average data. Herein, the median (vivj)50 and fluctuations in the 
stress components (vivj)75-25 were analysed for each experimental  flow condition. The longitudinal 
bed slope was So 0.002216 for all experiments (Table 4-1). 
It should be noted that, during measurements in shallow-water section for the smallest discharge, 
the upper receivers were above the water surface prior to the arrival of the surge. Thus, vertical 
velocity component data have been omitted in some graphs. Refer to Appendix A for further 
illustrations (e.g. Fig. A-11 & A-15). 
 
Notation 
D maximum transverse bed elevation (m) between left and right sidewalls: D = 0.140 m; 
d water depth (m) measured from the lowest point in the channel bed; 
d1 initial steady flow water depth (m) measured at x = 8.6 m; 
Fr1 surge Froude number defined as (V1+U)/(gA1/B1)1/2 for an asymmetrical channel; 
h Tainter gate opening (m) after rapid closure; 
Q water discharge (m3/s); 
U celerity (m/s) of the surge positive upstream; 
Vx longitudinal velocity component (m/s); 
Vy transverse velocity component (m/s); 
Vz vertical velocity component (m/s); 
V1 initial steady flow velocity (m/s) calculated at x = 8.6 m; 
vi velocity fluctuation component (m/s) where i = x, y, z; 
vivj velocity fluctuation cross-product component (m2/s2) where i,j =x, y, z; 
x distance (m) measured from the channel's upstream end; 
G-2 
y transverse distance (m) measured across the channel from the glass sidewall alongside 
the deepest point in the trapezoidal cross section; 
z vertical elevation (m) measured above the lowest point in the cross section; 
 water density (kg/m3); 
ij Reynolds stress component (Pa): ij = vivj where i = x, y, z; 
 
Subscripts 
50 ensemble-averaged median value; 
75-25 ensemble-averaged inter-quartile range (difference between the first and third quartile); 
 
Abbreviation 
ADM acoustic displacement meter used for instantaneous free-surface measurements; 
ADV acoustic Doppler velocimeter used for instantaneous velocity measurements. 
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Fig. G-1 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=100 mm, and vertical elevations as shown. vxvx and vyvy 
(Top), vzvz and vyvz (Middle) and, vxvy and vxvz (Bottom). Flow conditions: Fr1 = 1.80, Q = 0.1017 
m3/s, h = 0 mm 
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Fig. G-2 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y = 100 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1 = 1.77, Q = 0.1017 m3/s, h = 0 mm 
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Fig. G-3 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=350 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.60, Q=0.1017 m3/s, h=0 mm 
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Fig. G-4 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=400 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.67, Q=0.1017 m3/s, h=0 mm 
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Fig. G-5 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=50 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.56, Q=0.055 m3/s, h=0 mm 
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Fig. G-6 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=100 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.53, Q=0.055 m3/s, h=0 mm 
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Fig. G-7 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=100 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.58, Q=0.055 m3/s, h=0 mm 
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Fig. G-8 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=200 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.57, Q=0.055 m3/s, h=0 mm 
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Fig. G-9 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=300 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.57, Q=0.055 m3/s, h=0 mm 
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Fig. G-10 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=50 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.30, Q=0.055 m3/s, h=32 mm 
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Fig. G-11 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=100 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.31, Q=0.055 m3/s, h=32 mm 
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Fig. G-12 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=100 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.34, Q=0.055 m3/s, h=32 mm 
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Fig. G-13 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=200 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.32, Q=0.055 m3/s, h=32 mm 
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Fig. G-14 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=300 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.33, Q=0.055 m3/s, h=32 mm 
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Fig. G-15 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=50 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.60, Q=0.030 m3/s, h=32 mm 
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Fig. G-16 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=50 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.61, Q=0.030 m3/s, h=32 mm 
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Fig. G-17 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=100 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.61, Q=0.030 m3/s, h=32 mm 
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Fig. G-18 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=200 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.65, Q=0.030 m3/s, h=32 mm 
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Fig. G-19 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=350 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.64–1.65, Q=0.030 m3/s, h=32 mm 
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Fig. G-20 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=400 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.64, Q=0.030 m3/s, h=32 mm 
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Fig. G-21 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=450 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.63–1.67, Q=0.030 m3/s, h=32 mm 
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Fig. G-22 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=500 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.63, Q=0.030 m3/s, h=0 mm 
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Fig. G-23 - Ensemble-average median Reynolds stress components and fluctuation in Reynolds 
stress components at transverse location y=550 mm, and vertical elevations as shown (offsets in 
median and fluctuation as marked). vxvx and vyvy (Top), vzvz and vyvz (Middle) and, vxvy and vxvz 
(Bottom) - Flow conditions: Fr1= 1.62, Q=0.030 m3/s, h=0 mm  
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APPENDIX H - THREE DIMENSIONAL ENSEMBLE-AVERAGED FREE-
SURFACE ELEVATION DATA DURING POSITIVE SURGE 
PROPAGATION IN A NON-RECTANGULAR ASYMMETRICAL CHANNEL 
(DIGITAL APPENDIX) 
H.1 PRESENTATION 
New experiments were conducted in the Advanced Engineering Building Hydraulics Laboratory of 
the University of Queensland. The 19 m long and 0.7 m wide rectangular tilting flume was 
equipped with 0.52 m high glass sidewalls. The unsteady flow free-surface water elevations were 
recorded using non-intrusive acoustic displacement meters (ADM) MicrosonicTM Mic +25/IU/TC 
and MicrosonicTM Mic +35/IU/TC, as shown in Figure H-1. The three-dimensional surge flow 
pattern was recorded using six ADMs installed very close to the velocity measurement location, 
spaced evenly in the transverse direction: y = 0.100 m, 0.200 m, 0.300 m, 0.400 m, 0.500 m and 
0.600 m, at x = 8.5 m. The ADM units were set up such that they emitted signals in a multiplex 
fashion to prevent signal interference between adjacent sensors. All ADM sensors were calibrated 
against rail mounted pointer gauge water depth data. For each unsteady experiment, the free-surface 
elevation measurements were sampled at 100 Hz. 
All the data files are Copyrights Urvisha KIRI, Xinqian LENG and Hubert CHANSON 2018. 
 
 
Fig. H-1 - Positive surge propagation from right to left - View through the right sidewall, with the 
six acoustic displacement meter (ADM) units (light blue arrow) mounted above the free-surface 
across the channel width above the surge front 
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H.2 LIST OF DIGITAL FILES 
 
Filename Data Flow conditions 
Q30h0mm_klc.csv Water elevation Fr1 = 1.61, Q = 0.031 m3/s, h = 0 mm 
Q55h0mm_klc.csv  Fr1 = 1.58, Q = 0.0543 m3/s, h = 0 mm 
Q55h32mm_klc.csv  Fr1 = 1.31, Q = 0.0543 m3/s, h = 32 mm 
Q100h0mm_klc.csv  Fr1 = 1.66, Q = 0.1017 m3/s, h = 0 mm 
Q100h55mm_klc.csv  Fr1 = 1.30, Q = 0.1017 m3/s, h = 0.055 m 
 
Each file contains the time-variation of three-dimensional ensemble-averaged free-surface 
measurements during the positive surge passage. It has three columns: Time (s), y (mm), z (mm), 
where the time is zero at gate closure, y is the transverse distance from the right sidewall and z is 
the free-surface's vertical elevation above the lowest bed location (i.e. at right sidewall). 
 
H.3 DIGITAL  FILES 
The three dimensional ensemble-averaged free-surface elevation data files of Appendix H are 
available in the institutional open access repository of the University of Queensland (Brisbane, 
Australia) and they are deposited at UQeSpace {http://espace.library.uq.edu.au/}. The deposited 
data files (Section H.2) are text files (.CSV format) compressed using the freeware 7-zip {www.7-
zip.org}. At request, the authors might provide the original data files. 
The copyrights of the data files remain the property of Urvisha KIRI, Xinqiang LENG and Hubert 
CHANSON. Any use of the data available in the digital appendix must acknowledge and cite the 
present report: 
KIRI, U., LENG, X., and CHANSON, H. (2018). "Positive Surge Propagation in a Non-
Rectangular Asymmetrical Channel." Hydraulic Model Report No. CH110/18, School of Civil 
Engineering, The University of Queensland, Brisbane, Australia, 159 pages and 2 digital 
appendices incl. 5 movies (ISBN 978-1-74272-196-5). 
Further details on the report including the digital appendix may be obtained from Professor Hubert 
CHANSON {h.chanson@uq.edu.au}. 
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